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SUMMARY OF WORK
A stationary organ culture technique has been used to
study the effects of increased oxygen concentration and pressure
on late foetal mouse limb bone rudiments.
Preliminary experiments were performed to determine the
culture conditions necessary for optimum growth of rudiments
in air over a six day period. The influence of the choice of
culture medium, addition of serum supplements, and level of
ascorbic acid on explant survival and growth was fully evaluated.
A comparison was made between the growth and development of the
embryonic tibia, radius and ulna, in vivo and in vitro.
Particular attention was paid to histological changes with the
use of histochemical techniques to identify alterations in the
matrix of cartilage and bone as well as the cells themselves.
The same histological techniques were then used to
compare the in vitro growth in air with that in oxygen at
atmospheric and hyperbaric pressures. Exposure to oxygen at
three atmospheres absolute pressure resulted in death of the
rudiments, but some viability could be maintained at two
atmospheres. Rudiments grown in hyperbaric oxygen showed some
of the increased degradation of cartilage and bone normally
obtained with hyperoxygenation at atmospheric pressure. In
addition, there was an increased thickening of the periosteal
osteoblast layer of the shaft in the early stages, but this was
not maintained.
Using tritium labelled proline incorporated in the
culture media a biochemical and radiochemical analysis was made
of the synthesis and degradation of hydroxyproline, and thus
collagen, in the rudiments during six days in culture. The
synthesis of new collagen was highest in air, less active in
hyperbaric oxygen and lowest in oxygen at normal pressure,
while degradation occurred in the opposite sequence.
Rudiments grown on media containing tritiated proline
were examined by autoradiography to determine the site of new
collagen formation and resorption. Labelling was heaviest in
relation to the deep cells of the periosteum, particularly in
air, but also occurred in the end cartilages where it was
heaviest in the proliferative cell layer. Some grains were
deposited in the osteoid formed on the surface of the cartilage
cores in the metaphyseal region, suggesting that endochondral
bone formation can continue in vitro. Resorption of labelled
bone matrix was less in hyperbaric oxygen than in conditions of
hyperoxia at normobaric pressure.
Lysosomal enzymes have been suggested as the cuase of
bone and cartilage resorption under conditions of hyperoxia.
Free and bound enzyme was assayed biochemically in the culture
medium and the rudiments themselves. The free activity of acid
protease was increased in both rudiments and media grown in
oxygen, but fell to a level nearer that of the controls in air
under hyperbaric oxygenation.
Experiments adding hydrocortisone or E-amino caproic acid
to the culture medium were used to test their ability to stabilise
lysosomal membranes or block the action of released enzymes.
Both substances limited the degradation of cartilage induced by
hyperoxia but could not prevent the resorption of bone. The
free activity of lysosomal enzymes was reduced by the presence
of hydrocortisone in the medium but this did not parallel the
resorption of bone.
It is concluded the lysosomal enzymes may have a role in
the degradation of cartilage induced by hyperoxia, but that
other factors must play an additional part in the resorption of
bone. In 95% oxygen at atmospheric pressure the resorption of
bone and cartilage in the metaphyseal region was accompanied by
the appearance of numerous osteoclasts in the first day, but
these later disappeared. The later stages of bone resorption
in hyperoxia was characterised by marked osteocytic osteolysis,
which is less directly linked with lysosomal enzyme release.
The toxic effects of hyperbaric oxygen seemed to limit the extent
of bone resorption by both these mechanism.
GENERAL INTRODUCTION
This thesis describes an investigation of the changes
induced by alterations in oxygen concentration and pressure in
late foetal mouse limb bone rudiments maintained in vitro.
Oxygen is necessary for the aerobic metabolism of tissues,
but it is also thought to be an important environmental factor
in the cellular differentiation of connective tissues,
especially those of the skeleton. The evidence for this has
been well reviewed by Hall (1970) who concluded that hyperoxia
enhances collagen formation which in turn favours osteogenesis,
while hypoxia enhances chondroitin sulphate formation which
favours chondrogenesis.
Effects of oxygen on skeletal tissues in vivo.
In vivo studies have been based on experiments using oxygen
at increased or decreased ambient pressures, since the full
saturation of haemoglobin by oxygen at atmospheric pressure
makes the state of oxygenation at tissue level entirely dependent
on the local circulation. Severson and Tonna (1968) studied the
periosteal proliferation following trauma to the femora of young
mice, which were exposed to low oxygen tensions for 30 hours.
Using an autoradiographic technique after in vivo tritium
labelling, they reported no significant effect in 15% oxygen and
only slight reduction in labelling with 10% oxygen at ambient
pressure. They felt that the deficient oxygenation at the site
of trauma was insufficient to stimulate a local tissue factor
capable of inducing cell proliferation. Manspeizer and Tonna
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(1967) had previously demonstrated that lowering the oxygen
concentration to 5% eliminates cell proliferation because of
oxygen debt.
Some indirect evidence can be obtained from the results of
ischaemia or venous pooling produced in the skeleton experiment¬
ally or by disease. Brookes and Helal (1968) studied the pH of
interosseous blood samples taken from the metaphysis and mid¬
shaft of the femur and tibia in young rabbits. They showed that
the repair of experimental fractures, by abundant young osteo¬
blastic tissue, was accelerated in hind limbs when venous
congestion was produced. They also reported that the production
of cartilage, normally seen at the fracture site in controls, was
almost abolished. They noted that more active metaphyseal bone
formation was associated with the more acid pH in the micro¬
circulation. They felt that their results indicated that the
formation of bone is increased in the presence of venous
congestion and may be linked with reduced pH and oxygen tension
or an increase in carbon dioxide tension consequent upon an
impeded micro-circulation. It was suggested that the role of
oxygen tension in an osteogenic region, considered together with
the appropriate rate of blood flow, is probably related to the
total amount of bone turnover, because of the energy-dependent
nature of the protein synthesis involved in both bone formation
and removal. Brighton and Heppenstall (1971) using a micro-
electrode recorded the oxygen tension in the zones of the
epiphyseal plate, the metaphysis and diaphysis of young rabbits.
In the epiphysis, the oxygen tension increases from 20.5 mm Hg
in the zone of small cartilage cells to 57.0 mm Hg in the zone of
cell columns, falling again to 19.8 mm Hg in the hypertrophic cell
zone and the adjacent metaphysis. In the diaphysis the oxygen
tension again rose to 108.7 mm Hg. Their findings of a lower
oxygen tension in the hypertrophic cell zone and metaphysis would
fit the suggestion that chronic stasis and hypoxia are necessary
for cartilage calcification and endochondral bone formation.
Hyperbaric oxygen and the skeleton.
Hyperbaric oxygen therapy, or the inhalation of oxygen at
increased pressure, results in an increase in the quantity of
oxygen carried in physical solution in the blood. Breathing air
at atmospheric pressure gives an arterial oxygen tension of
100 mm Hg and the quantity of oxygen in physical solution in the
blood is approximately 0.3 volumes per cent. This rises from
2.0 volumes per cent when breathing pure oxygen at atmospheric
pressure to 6.2 volumes per cent in oxygen at three atmospheres
absolute pressure. As the normal arterio-venous difference in the
blood oxygen content is 6 volumes per cent, this quantity carried
in physical solution is sufficient to maintain the oxygenation of
most body tissues without the need for red cells or haemoglobin.
Clinically, hyperbaric oxygen has been used for the treatment
of chronic pyogenic bone infection or osteomyelitis with some
success (Slack et al, 1965, and Perrins et al, 1966). The therapy
was based on the inhibition of aerobic bacterial growth observed
in vitro when cultured in oxygen at increased pressure. Because
of the short intermittent exposures in patients permitted by the
toxic effects of the therapy it is unlikely that a significant
inhibitory effect could be produced on these bacteria in vivo.
In a study of experimental staphylococcal bone infections of the
rat tibia, the present author (Hamblen, 1968) demonstrated an
improved healing rate with intermittent exposures to oxygen at
two and three atmospheres absolute pressure. It was suggested
that the beneficial effect was due to some alteration in the
host's response to the disease and that this might result in an
increase in the rate of resorption or revascularisation of
sclerotic bone and dense scar tissue with an associated stimulus
to normal repair by osteogenesis.
The effect of hyperbaric oxygenation on the healing of
experimental fractures has been investigated in several animals
with equivocal results. Coulson et al (1966) demonstrated an
increased uptake of Calcium 45 and an improvement in tensile
strength in the healing femur of rats receiving intermittent
therapy at three atmospheres pressure. This improved healing
rate was confirmed by Yablon & Cruess (196 8) , who reported a
greater production of new bone, both in the medullary region and
subperiosteally, by conversion of the increased cartilage formed
in the fracture callus. However, when the duration of hyperbaric
treatment was increased to six hours daily at two atmospheres
absolute, Wray and Rogers (1968) reported a decreased breaking
strength in the fracture callus, though this was twice as active
histologically as the normal control. The biochemical changes in
the fracture callus from rats receiving hyperbaric oxygenation
was investigated by Niinikoski et al (1970). They reported an
increase in calcium, phosphorous, hexosamine, hydroxyproline and
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nitrogen content, when compared with controls after eleven days
of treatment, and suggested that the synthesis of proteins
seemed to be increased. Persson (1967) studied the effect of
hyperbaric oxygenation on the epiphyseal growth plate and growth
in length of the rabbit tibia using an intra-vital tetracycline
label. He found an acceleration of growth by 2% during the day
of treatment followed by a deceleration of 7% on the subsequent
day.
Oxygen effects in vitro.
Because of the complex interrelationships of oxygen and
carbon dioxide tension and blood pH in the intact animal a more
direct investigation by in vitro techniques would seem desirable.
Following the first successful tissue culture by Ross Harrison
(1907) techniques were quickly developed which allowed the
maintenance of cells, tissues and organs in vitro with continua¬
tion of normal function. The term organ culture was introduced
by Maximow (1925) to describe those experiments in explantation
that tended to conserve in vitro the organic integrity of the
rudiment. All methods of growing skeletal rudiments in vitro
are based on the original classical method of Fell & Robison
(1929) . They had originally used a solid medium, such as a
plasma clot, but this was later modified to allow use of either
'natural' or 'synthetic' culture media. Both bone and cartilage
can be maintained in a healthy state at a gas-liquid interphase
supported by a floating lens paper or a stainless steel grid.
With the development of closed culture chambers by Trowell (1958)
it became possible to control accurately the gaseous phase of the
tissue culture model. While allowing more accurate study of the
effects of altered oxygen concentration it also permitted the
maintenance of differentiated tissues in culture, where previous¬
ly only embryonic organs could survive. Using variations of these
methods many ahthors have studied the effects of altered oxygen
tension on the metabolism of cartilage and bone.
Goldhaber (1958) studied foetal mouse calvaria and was able
to demonstrate considerable resorption of the bone by exposure to
95% oxygen which did not occur when the cultures were maintained
in air. The resorption was associated with an initial increase
in macrophage cells and later osteoclast activity, while newly-
formed osteoid tissue was also demonstrated in the cultures after
resorption had ceased. In later experiments using a roller-tube
apparatus in place of stationary cultures, Goldhaber (1963)
reported almost complete resorption of the bone in 20% oxygen.
Using a different model of the chick-embryo cartilaginous
limb bone rudiment, Sledge & Dingle (1965) demonstrated a reduc¬
tion in longitudinal growth, a loss of metachromatic material,
an increased release of protease and acid phosphatase enzymes,
and a thickening in the periosteal osteoblast layer on exposure
to 85% oxygen. They attributed these changes to activation of
lysosomes by the hyperoxia and suggested that this was a pre¬
requisite to the invasion of cartilage by vascular tissue which
occurs in normal bone formation. Using a similar model Shaw &
Bassett (1967) showed that maximum osteogenesis and collagen
fibre formation occurred with a concentration of 35% oxygen.
These processes were suppressed by lowering the oxygen
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concentration to 5%, or to a less extent by raising it to 95%.
Similar changes in cartilage matrix formation and resorption
were associated with variations in oxygen tension. By these
studies they were able to demonstrate that both bone and
cartilage cells are exquisitely sensitive to the amount of
available oxygen and that their behaviour ranges from synthetic
to lytic activity.
Studies of the effect of hyperbaric oxygenation on tissue
cultures have been few and confined to non-osseous tissue.
Heppleston & Simnett (1964) exposed young mouse tissues in
culture to 95% oxygen and 5% carbon dioxide at two atmospheres
absolute pressure. They showed that damage occurred to the
epithelium of pulmonary alveoli and renal tubules more readily
than those to bronchi, epididymis or prostate. However, Stier
& Halasz (1966) attributed these toxic effects to the acidosis
produced in the culture medium from the use of too high a con¬
centration of carbon dioxide and reported long-term tissue
survival using a gaseous phase of 98% oxygen with 2% carbon
dioxide. They demonstrated survival in adult tissues over a
radius of 1.5 cm for 10-14 days using increased oxygen pressures
up to four atmospheres absolute.
In the work to be described these studies have been extended
to the effects of increased oxygen concentration and pressure on
mammalian embryonic limb bone rudiments. Late foetal mouse long
bones were chosen because the previous work studying the effects
of hyperoxia has been confined to the avian limb bone and species
differences may exist. There is also a suggestion (Mitchell, 1950)
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that the degree of self differentiation in avian limb bones is
much higher than in mammals making the interpretation of effects
produced by other factors more difficult. In addition these
rudiments offer a combined cartilage and bone model allowing the
effects to be studied in both tissues. The general morphology
of the bones in the fore and hind limbs of late embryonic mice is
shown in Figure 1. The joints are developed in a rudimentary
form allowing disarticulation by dissection in the preparation of
individual bones for explantation. The bones themselves consist
of a central bony shaft with a developing marrow cavity closed at
either end by a cartilaginous epiphysis which stains densely with
metachromatic stains such as toluidine blue (Fig.2).
Morphology of foetal and early postnatal
mouse limb bone rudiments.
Accurate ageing of the mouse embryos used for explantation
may be difficult when pregnant females are obtained from a
commercial source. Even with the technique of breeding described
in the Methods and Materials Section of Part 1 of this thesis,
variations of up to half a day may occur. Another variable factor
is introduced by the size of litter, as when the number of embryos
was large skeletal development could be retarded by up to one day.
For these reasons the rudiments used throughout this study were
identified by a common nomenclature. This classifies the foetal
rudiments as 'early', 'intermediate' or 'late', while in some
experiments explants from one or two day old newborn mice were
used and described as postnatal. The criteria for this classifica¬
tion and a description of the characteristic structure for each
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type of rudiment will now be given.
(1) Early foetal rudiments.
Limb bone rudiments of tibia, radius and ulna were
classified under this heading when they were largely
cartilaginous in nature. An arbitrary maximum length
was selected for bones at the time of explantation of
2.8 mm for tibiae, 2.5 mm for radii, and 3.5 mm for
ulnae. The typical histological appearance of such
an explant is shown in Figure 3. No marrow cavity has
developed in the shaft and the end cartilages are con¬
tinuous with each other. The cartilage shows early
organization into zones. The small rounded chondro-
blasts of the epiphysis pass into a layer of more
flattened cells which will form the future proliferative
zone. This zone is continuous with a layer of larger
hypertrophic cells which meet at the centre of the
diaphysis. The chondroblasts of the hypertrophic zone
are swollen and are surrounded by less ground substance
than in the proximal zones. A thin collar of periosteal
bone is usually present at the centre of the shaft, (Fig.4)
formed by the osteoblastic cells in the deep layers of
the covering periosteum or perichondrium. At higher
power (Fig.5) these cells can be seen commencing invasion
of the hypertrophic zone prior to the formation of the
marrow cavity and the establishment of endochondral
ossification. The periosteum is continuous with the
perichondrium surrounding the cartilaginous ends. This
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early foetal limb bone rudiment corresponds to the stage
of development in the 14 to 15 day embryo.
(2) Intermediate foetal rudiment.
This stage of development corresponds to that normally
seen in 16 to 17 day embryos. The overall length ranges
are taken as 2.8 mm to 4.1 mm for the tibia, 2.6 mm to
3.4 mm for the radius, and 3.5 mm to 4.7 mm for the ulna.
The end cartilages are now separated by a well developed
marrow cavity enclosed between a bony shaft (Fig.6). The
bone of the shaft occupies less than half the total length
of the rudiment and is thickest at its centre. It shows
a trabecular structure, with an endosteal layer on its
deep surface separating it from the marrow cavity, which
contains a mixed round cell population. The periosteum
now shows two definite layers, an outer layer of
flattened fibroblast-like cells and an inner layer of
plumper osteoblastic cells laying down osteoid on their
deep surface (Fig.7). The bone contains buried osteo-
cyte cells lying in small lacunae and sometimes multi¬
nucleate osteoclasts are visible on the endosteal
surface. The end cartilages show more differentiation
into their individual zones (Fig.8), although there is
still no sharp demarcation between the three types of
cells. At both ends the rounded chondroblasts of the
epiphysis become more flattened and arrange themselves
in distinct columns in the proliferative zone where
the ground substance is most abundant and deeply
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stained by metachromatic techniques. The chondroblasts
enlarge in the hypertrophic zone becoming more degenerate
distally as they approach the marrow cavity.
(3) Late foetal rudiment.
The measurements of the late foetal rudiments fell in the
range for the tibia 4.1 mm to 4.9 mm, for radius 3.4 mm
to 4.0 mm and for the ulna 4.7 mm to 5.4 mm. The bony
shaft is now well established and occupies more than half
the total length of the rudiment as a tube of trabecular
bone (Fig.9). The enlarged conical end cartilages show
clear demarcation of their chondroblasts into the zones
of epiphysis, proliferation, and hypertrophy, though the
ground substance still stains most densely in the pro¬
liferative zone (Fig.10). The degenerate cartilage cells
in the distal part of the hypertrophic zone are being
eroded by capillaries from the ends of the bony shaft and
the process of endochondral bone formation is well
established. Islands of degenerate cartilage survive in
the marrow of the adjacent metaphyseal region and are
enclosed in the newly formed osteoid tissue of the
trabecular bone (Fig.11). Periosteal bone formation is
also well marked with active osteoid formation by the
osteoblast cells in its deepest layers. This is most
marked over the junction of bone and cartilage (Fig.12),
while the thicker bone at the centre of the shaft is
more dense and less trabecular.
12
(4) Postnatal limb bone rudiments.
These were similar in appearance to the late foetal
rudiments, though the end cartilages were further
narrowed by invasion of the marrow cavity with
consequent increase in the length of the bony shaft.
Endochondral bone formation continued actively but no
secondary centre of ossification had appeared in the
cartilage up to six days after birth. A fuller
description of these rudiments will be given in Part II
of this thesis comparing the growth of rudiments in
vitro and in vivo.
Staining properties of limb bone rudiments.
The staining techniques used throughout this study for
histological sections from the limb bone rudiments were chosen
to demonstrate both structural and histochemical changes. Before
using these techniques to evaluate changes occurring in the
rudiments during culture, a review of the theoretical basis for
their action on skeletal tissues was undertaken.
Haematoxylin and eosin staining (Lillie, 1965) was used as
the standard general purpose method to give rapid identification
of mesenchymal tissue structure (Fig.13). Mayer's haematoxylin
was used in preference to Ehrlich's as it gives little or no
staining of the mucopolysaccharide material in the cartilage.
Heidenhain's Azan method, a variant of the Masson trichrome
stain, (Lillie, 1965) was used in addition to demonstrate the
presence of young collagen fibrils, which stain an intense blue
in contrast to the red coloration of cell nuclei, red blood cells,
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and muscle (Fig.14).
Histochemical techniques were used for the differentiation
of mucopolysaccharides in the cartilage and embryonic bone. The
characterization of mammalian mucopolysaccharides has been well
summarized by Spicer (1963) who recommended the use of a combined
Alcian blue and Periodic Acid-Schiff (P.A.S.) technique in
addition to metachromatic stains.
The technique of the Alcian blue-P.A.S. stain and the theory
underlying it has been reviewed by Mowry (1963). Alcian blue is a
copper phthalocyanin derivative which will stain with acid muco¬
polysaccharide substrate by an interaction which is pH dependent.
At a pH above 3 it reacts more strongly with carboxyl groups than
sulphate groups but when the stain is used at a pH of 1 the
carboxyl groups are undisocciated and only the sulphate radicals
of the acid mucopolysaccharide are able to react, producing an
intense turquoise-blue coloration (Fig.15). Another important
property of the dye is that, unlike other basic dyes, it has no
affinity for ribonucleic acid (R.N.A.) so that there is a general
absence of cytoplasmic staining.
The Periodic Acid-Schiff (P.A.S.) reaction is considered
specific for the detection of neutral carbohydrates (Quintarelli,
1968). The method is based on a two step reaction. Periodic
acid, a strong oxidising agent, is applied to tissue sections to
liberate aldehydes from polysaccharides and the site can then be
stained with Schiff reagent (basic fuchsin bleached with sulphur¬
ous acid) which is restored by the aldehydes to its unbleached
magenta colour. The colour varies from pale pink to purple red
(Fig. 15) and the intensity depends on the number of reacting
aldehyde groups. Water soluble sugars in the tissues do not
affect the reaction as these are washed out by the aqueous
solutions during processing.
Toluidine blue was used as the metachromatic stain (Lillie,
1965) . Metachromasia is a property exhibited by tissues contain¬
ing high molecular weight polyelectrolytes, which when treated
with aqueous solutions of certain dyes take on a colour different
from that of the dye employed. A number of histological dyes
have this property of exhibiting a "dilution shift" in that they
change colour in relation to their concentration. In addition to
Toluidine blue the group includes Azure A, Bismarck brown, and
Safranin red 0. Toluidine blue changes from its blue colour in
dilute aqueous solution to reddish-purple or violet when in con¬
tact with sulphated mucopolysaccharides, including those occurring
in cartilage. This colour corresponds to its concentrated dye
solution and indicates either a concentration or a change in its
molecular state at the point of action. These cationic dyes have
the ability to bind to the negatively charged tissue polyanion
sites by strong electrostatic bonds and then for metachromasia to
occur there must be dye-dye interaction, (Rosenberg, 1971). This
can only occur when the negatively charged polyanion sites are
sufficiently close together to permit weak bonds to form between
adjacent dye molecules. Thus this capacity is greater in the
polyanions with short interchange distances such as heparin and
chondroitin sulphate and weaker with wider distances as occur in
hyaluronate. Treatment with ethyl alcohol is said to abolish
dye-dye interaction and metachromasia (Pal & Schubert, 1962).
More recent work by Ramalingam and Ravindranath (1971) showed
that this only occurred with the uncombined polyanions and not
when they are in association with tissue proteins, so that ethanol
could be used in processing the sections. The stain produces
deep blue nuclei and a light blue cytoplasm in the sections with
a marked red-purple to violet coloration in the cartilage matrix
(Fig. 16).
The significance of the histological appearances in both
control and experimental rudiments were interpreted in relation
to previous studies on bone and cartilage. Bevelander & Johnson
(1950) studied the distribution of alkaline phosphatase, glycogen
and neutral mucopolysaccharides in relation to the process of
mineralisation in developing membrane bone. Using a P.A.S.
technique they showed neutral mucopolysaccharide to be present in
the fibres and fibroblasts of periosteum at all stages; this later
appeared in the bone matrix, staining more intensely as mineral¬
isation proceeded.
Heller-Steinberg (1951) studied long bones from young rats
using the same P.A.S. technique together with metachromatic
staining for acidic mucopolysaccharides. She found the meta¬
chromasia in bone could not be related to cell function, ground
substance or bone cells and that minor variations in technique
may change or intensify the site of metachromasia. She did show
that when slight or extensive decalcification was used in the
preparation of tissue sections the metachromasia increased; as
the composition of bone alters during calcification interpretation
of sites of metachromasia was necessarily obscure. She suggested
that the degree of polymerisation of the ground substance
corresponded to the intensity of P.A.S. staining. Resorbing bone
and new bone containing bone salts stain red, osteoid without
bone salt also stains red, but fully mineralised mature bone
does not stain by the P.A.S. technique.
Van den Hoof (1964) studied the changing pattern of histo-
chemical staining in the polysaccharides of the epiphyseal plate
in the rat tibia from birth to adult life. He demonstrated a
gradual decrease in the metachromatic staining due to acid muco¬
polysaccharides and an increase in the P.A.S. staining of neutral
mucopolysaccharide as maturity occurred. Metachromasia was
maximal in the zone of proliferating cartilage and minimal in the
resting and articular cartilage. In the zone of calcification
the longitudinal elements of the cell walls showed stronger P.A.S.
staining than metachromasia, while the transverse partitions
showed the reverse situation. He postulated a collagen stabilis¬
ing function for the neutral polysaccharide, making the longitud¬
inal partitions more resistant to metaphyseal capillary erosion.
The acid mucopolysaccharides probably form complexes with collagen,
rendering the latter less stable and more easily resorbed. In the
zone of provisional calcification the P.A.S. positive substances
were again stronger, but in all layers the differences were
relative and not absolute, indicating a reciprocity between the
acid and neutral polysaccharides during the dynamic changes in
the growth plate.
Bernick (1971) studied the endochondral ossification in
growing rats using the Alcian blue-P.A.S. technique. He
demonstrated strong staining with Alcian blue in the matrix of
the proliferating zone and the proximal portion of.the hyper¬
trophic cell layer. As mineralisation proceeded in the dis¬
integrating cells of the distal hypertrophic zone the
alcianophilia was lost and the matrix became more P.A.S.
positive. The diaphyseal trabeculae still contained a central
core of Alcian blue staining material but this was surrounded by
bone which stained intensely red with P.A.S. On the other hand
when P.A.S. was applied to fully calcified bone the matrix
stained poorly due to a lesser degree of polymerisation.
Organisation of the thesis.
The study of the effects of increased oxygen concentration
and pressure on mouse limb bone rudiments is reported in five
parts:-
Part I - describes the preliminary experiments to evaluate
the variables in the organ culture method used
throughout the work. The optimum conditions for
in vitro growth in air were determined and used
in all subsequent experiments.
Part II - describes a comparison of growth and development of
mouse limb bone rudiments, in vitro and in vivo, over
a six day period. The normal in vivo development of
the bones in the fore and hind limbs is outlined as
a basis for this comparison. As in vitro growth falls
far short of that in the intact animal, the results of
this comparison are important in interpreting any
effects produced by varying the oxygenation of the
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gaseous phase in Part III.
Part III - describes the structural changes induced in the
rudiments by increasing the oxygen concentration or
pressure in the gaseous phase of the tissue culture
model. Rudiments were maintained in vitro for six
days and the results assessed by suitable histological
and histochemical staining techniques.
Part IV - describes biochemical experiments to investigate
changes in the collagen metabolism of the limb bone
rudiments produced by hyperoxia. The rate of collagen
synthesis and degradation was determined by biochemical
and radiochemical methods using tritium labelled proline
incorporated in the tissue culture medium. The site of
incorporation of the isotope was confirmed histo¬
logically by the use of an autoradiographic technique.
Part V - describes experiments to determine the role of
lysosomal enzymes in the degradation of bone and
cartilage in vitro under conditions of hyperoxia.
The enzyme activity was determined biochemically in
both rudiments and culture medium and compared with
controls in air. The effects of hydrocortisone and
epsilon-amino-caproic acid, which stabilise lysosomes
and block their enzyme activity respectively, was also
investigated. Their action in blocking enzyme activity
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PART I
EVALUATION OF THE METHODS OF IN VITRO CULTURE
FOR FOETAL MOUSE LIMB BONE RUDIMENTS
INTRODUCTION
The variables in the organ culture technique used in this
study are evaluated in Part I of this thesis. The experimental
conditions giving optimum growth of mouse limb bone rudiments in
vitro were determined and used for the remainder of the
investigation.
Experiments reported on 'bone' growth in organ culture are
often studies of cartilage, rather than mineralised tissue.
Foetal mouse limb bones at 17 to 18 days show substantial
calcified bone matrix formation in the shaft and can be used to
study matrix formation and calcification, as well as cartilage
growth, when cultured on a chemically defined medium. Of all
the variables, the most critical factor seems to be the age of
the donor embryo (Ginter, 1966; Saxen, 1966). Thus experimental
series using embryos at different ages are not comparable and
ideally parallel control cultures with rudiments of the same
developmental age should be used, preferably the paired limb bone.
In the experimental design used here each rudiment served as a
control for its contralateral homologue. This technique avoids
the uncertainties caused by variations between embryos and
between rudiments of the same embryo.
Technique of organ culture.
The classical "watch glass" technique of Fell & Robison (1929)
for the culture of embryonic skeletal rudiments utilised a plasma
clot for support and nutrition of the explants. The method was
later modified by Chen (1954) for use with liquid culture media
by floating the rudiments on a lens-paper raft. Trowell (1954)
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replaced the lens-paper with a metal grid which draws fluid up by
capillary action and supports the rudiment at the liquid and gas
interphase. Titanium grids were used initially but later stainless
steel mesh was found equally satisfactory, providing it is care¬
fully prepared and cleaned between cultures as recommended by
Mawhinney (1968).
The culture method used throughout this study is based on
that described by Fell & Weiss (1965) with a few small modifica¬
tions. In this stationary technique the explants are supported on
square grids of stainless steel mesh. These are contained in
small disposable plastic dishes into which the culture medium is
introduced so that the top of the mesh is just wetted. Two of
these culture dishes are enclosed in a larger plastic Petri dish,
several of which can be stacked in suitable holders and enclosed
in a modified anaerobic jar. This permits accurate control of
the gaseous phase by filling the jar with a suitable gas mixture.
Regassing can be carried out at intervals without disturbing the
culture dishes and it is unnecessary to control the atmosphere in
the incubator itself. The method is simple, but fulfills the
criteria for successful organ culture experiments, in that it
allows accurate control of both the liquid culture medium and
the gaseous phase. Direct comparison can then be made between
media of differing composition, or other gas mixtures using
multiple anaerobic jars. The alternative stationary culture
technique described by Jones & Keeler (1971) used a Grobstein
raft of millipore filter supported by a plastic ring over the
depression of a glass dissecting slide containing the culture
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medium. This appears to offer little advantage and is more
cumbersome and expensive to use.
As an alternative to stationary cultures, some workers have
used a roller tube apparatus which allows a constant flow of the
liquid medium over the explant (Ito & Endo, 1956; Gaillard, 1961;
Goldhaber, 1961). This seems to offer little advantage over the
stationary technique and because of the immersion of the rudiment
in the medium the diffusion of the gaseous phase may be variable
and less accurately controlled. Schwartz (1968) described a
continuous flow organ culture system for the growth of embryonic
rat limb bones with very accurate control of both liquid and gas
phases. This method, though ideal, would prove too expensive for
use in a large number of experiments.
Choice of culture medium.
Most of the early work on the growth of cartilage and bone
in vitro used the so called natural or biological media. These
usually consisted of a mixture of plasma and embryo extract which
was then allowed to form a clot in which the explant was incorpor¬
ated. Embryo extract has a variable and unknown biological
activity but was felt by many workers to be necessary for the
growth and differentiation of embryonic chick limb bones in
culture (Gaillard, 1935; Endo, 1960).
Synthetic or chemically defined media were developed as an
alternative to the natural media and were first used by Wolff
et al (1953). Their original medium was simple and consisted of
a few amino-acids and agar, the growth produced being poor in
comparison with plasma clot. Later workers have elaborated the
composition of synthetic media in an attempt to supply all the
nutritional factors necessary for growth and differentiation,
one of the most successful for the growth of cartilage and bone
has been BGJ, developed by Biggers et a_l (1961). This gave
comparable growth to natural media but after four days in culture
the rudiments show a progressive hydration, particularly in the
cartilage.
Most published work comparing the growth on synthetic and
natural media has utilised the chick embryo long bone and not the
mammalian model. Endo (1960), from a study of the histology on
nine day chick femora grown in culture, concluded that embryo
extract was necessary for osteoblast maintenance and osteoid
formation, while serum favoured proliferation and hypertrophy
of cartilage cells with calcification of the osteoid. It is
uncertain whether these findings also apply to the mouse rudiment.
Niven (1931) used embryo extract with a plasma clot when growing
femora and tibiae from full-term foetal mice. She was able to
maintain growth for 22 days with a maximum increase in length of
33%. In contrast, Fell & Mellanby (1952) using a similar mixture
of plasma and embryo extract could only demonstrate a 10% increase
in the length of mouse bones over a ten day period. Gaillard
(1961) has used the embryonic mouse radius as his model in many
experiments on skeletal physiology. He had originally described
the use of 10% embryo extract for its cultivation (Gaillard, 1961),
but later found this was unnecessary and reported that Hank's
solution with 15% serum gave equally satisfactory results. In
contrast, Jones & Keeler (1971) showed that the embryonic mouse
radius only elongated by 10-15% in Eagle's media supplemented
with 10% embryo extract, as compared with a 20% increase in
Eagle's medium alone. They also reported that the rudiments
grown in the synthetic medium showed increased cartilage forma¬
tion but poor development of periosteum and perichondrium.
Many different synthetic media have been used for the culture
of bone and cartilage. The modified BGJ medium of Biggers et al
(1961) has been used most extensively and Fell & Weiss (1965)
reported good results when it was used for the culture of embryonic
mouse limb bones. Saxen (1966) produced contrary evidence and felt
that BGJ medium was inadequate for osteogenesis and calcification
in vitro. Despite this, Ellis & Peart (1970) reported better
growth of newborn mouse limb bones on BGJ media as compared with
two other chemically defined media, T8 and TC 199. The only other
comparative study was that of Zanelli et a_l (1969) who compared
the growth and resorption of foetal mouse calvaria in BGJ, TC 199,
NCTC 109, and NCTC 1066. They observed spontaneous resorption
with all the media except BGJ and recommended this for biochemical
studies on hormone induced resorption, although this does not
indicate that it was the most suitable medium for normal develop¬
ment.
Most synthetic defined media are based on a balanced salt
solution designed to equilibrate with a gas phase containing 5%
carbon dioxide, giving a pH in the physiological range. The
control of normal pH and osmotic pressure in the medium is
necessary for cell survival, but may also be an important factor
in stimulating bone formation. Paff (1948) grew femora from 7 day
chick embryos on natural media using two different gaseous phases,
with and without carbon dioxide. He maintained the rudiments
for two weeks at two pH levels; i.e. 7.0-7.3 or 7.8-8.0. His
results showed that more bone is formed and more calcium is
deposited at the low than the high pH. He suggested that for
optimum bone formation in culture, the pH should be maintained
in the direction of less, rather than more alkalinity.
Because of the conflicting evidence in the literature it
was felt necessary to compare the growth and histological
differentiation of late embryonic mouse limb bone rudiments
on both natural and synthetic media. Experiments were also
carried out to compare some of the available chemically
defined or synthetic media using the same model, so that the
best could be selected for the remaining part of the study.
To be effective, a synthetic medium must provide good con¬
ditions for the survival of the explanted organs. Integrity
of the structure of the explanted organ must be preserved,
and neither its subsequent differentiation nor its functional
activity must be affected. The effects of the addition or
subtraction of other variables can then be studied. In the
case of embryonic organs, the aim is to obtain some develop¬
ment of the explants in vitro as well as preserving their
normal histological structure.
Use of serum supplements.
Although chemically defined media have largely replaced
embryo extract as a basis for the culture of skeletal rudiments,
many workers still recommend supplements of serum for optimum
growth (Fell, personal communication). This introduces a
biological variable, but by heat inactivation, complement and
other heat labile factors can be removed leaving the proteins
for enrichment.
Endo (1960) studied the use of horse serum in varying
concentration with chick embryo extract and Gey's salt solution
as a medium for culture of nine-day chick embryo femora. He
concluded that serum favoured the proliferation and hypertrophy
of cartilage cells and was necessary for calcification of osteoid,
but that the osteoid itself was not formed unless embryo extract
was also present. Teaford & White (1964), again using embryonic
chick femora, reported that the addition of serum to Waymouth's
medium enriched with embryo extract did not improve the growth
or differentiation. For the culture of mammalian rudiments,
Gaillard (1961) used 15% serum to enrich his synthetic Hank's
solution but did not report the growth obtained with the
chemically defined medium alone. His experiments were concerned
with the effects of parathyroid hormone on mouse radii in vitro
and the serum was added as a carrier for the hormone. Fell &
Weiss (1965) compared the growth of foetal mouse limb bones on
BGJ medium, with and without 15% serum. They reported that more
cellular activity, both destructive and synthetic, with the serum
supplement, but the product they used was not heat inactivated.
Similarly, Liskova & Jean (1970) showed an increased osteoclast
cell production in rat long bones grown on TC 199 defined medium
supplemented with calf serum, but did not state whether this was
heat inactivated. Saxen (1966) reported that the addition of
10% serum to BGJ medium was necessary for adequate calcification,
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though viability in the rudiments could be preserved without
its use. Using the same BGJ medium, Ellis & Peart (1970)
suggested the addition of 25% heated calf serum to give
optimum growth of mouse limb bones. In contrast, Gorham &
Waymouth (1965) reported that serum was not necessary for the
development of perichondral bone in mouse limb bones cultured
on their chemically defined medium MAB 87/3, though this included
insulin as a supplement.
Because of the confusing evidence in the literature
experiments were carried out to compare the growth of late
embryonic mouse limb bones on chemically defined media, with
and without supplements of heat inactivated serum in a concentra¬
tion of 5 or 15%. Serum supplements were to be used in later
experiments to estimate the release of lysosomal enzymes from
rudiments into the medium during the period of culture. The
serum is necessary to act as a carrier for the enzymes, to
maintain their activity during the 48-hour periods between
collections. To correlate the biochemical and histological
findings it was necessary to observe the changes induced by the
addition of serum to the chemically defined medium.
Role of Ascorbic Acid
Vitamin C or ascorbic acid is included in small amounts in
most synthetic culture media, but its importance as a key growth
factor has only recently been fully recognized.
Jeffrey and Martin (1966) conclusively demonstrated that
the addition of 50 yUgm/ml of ascorbic acid to defined medium
increased the collagen content of 8-9 day chick tibiae growing
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on it. This finding was confirmed by Reynolds (1966), who
showed that the same dosage prevented the hydration of the end
cartilages normally seen after four days' growth on the BGJ
defined medium. This was accompanied by denser metachromatic
staining of the mucopolysaccharide, a thicker bone collar around
the shaft, and more hypertrophy of the cells in the diaphysis.
Reynolds attributed the excessive hydration to a failure of
collagen synthesis after four days when the endogenous stores
of the vitamin became exhausted. The altered hexosamine to
collagen ratio in the abnormal extracellular matrix increased
its water-combining power. In later work, Reynolds (1967)
reported that the vitamin action was specific and that related
compounds were not as effective in promoting collagen synthesis.
Iso-ascorbic acid was about one-third as active in the same
dosage, while dehydroascorbic acid was quite ineffective.
The action of the vitamin seems to be mainly on collagen
synthesis and Jeffrey and Martin (1966) suggested that it is
concerned with the microsomal hydroxylation of proline in a
collagen precursor. There is also some evidence reported by
Kodicek (1965) that depletion of the vitamin interferes with
mucopolysaccharide synthesis by depressing the incorporation of
glucose into galactosamine.
The aerobic metabolism of chick tibiae cultured in Eagle's
medium was studied by Ramp and Thornton (1968) using a roller
tube technique. By estimation of oxygen consumption and lactic
acid formation, they showed that the oxidation rate was linear
with time and that the requirement of vitamin C for normal
aerobic bone cell metabolism was 50 jJ-gm/ml per day in air. With
higher concentrations of oxygen an increase in vitamin C content
would be required.
Similar requirements probably occur in the mammalian limb
bone rudiment in vitro. Jones and Keeler (1971) reported that
the addition of vitamin C in a dosage of 0.2-2.0 mgm/ml, to either
natural or synthetic media, gave a marked increase in both osteoid
and cartilage formation in 15-day embryonic mouse radii. This
effect was well maintained beyond the fourth day of culture when
the normal stores of the vitamin are used up.
Most commercial synthetic media have a rather small content
of vitamin C; for example the 5 /U-gm/ml in TC 199 (Burroughs
Wellcome). These require supplements, particularly in experiments
using high concentrations of oxygen in the gaseous phase.
Reynolds (1966) has suggested that a minimum of 150 yUgm/ml is
incorporated in any culture medium and this dosage is included
in the P6 modification of BGJ medium used in this study. Other
experiments have been carried out to determine the histological
effects of supplementing the normal levels of ascorbic acid in
the TC 199 medium.
Growth of embryonic mouse limb bone rudiments in vitro.
Niven (1931) was the first to report the growth of femora
and tibiae from late foetal mice on a solid plasma clot contain¬
ing embryo extract. In her experiments the rudiments increased
in length by up to 33% over a 22-day period. She also reported
the commencing formation of secondary ossification centres in
the end cartilages. Fell & Mellanby (1952) grew late foetal and
post-natal mouse limb bones on solid natural media but could only
produce a 10% increase in length over a 10-day period. They
observed that the periosteal bone reorganised to become less
trabecular and more compact, while in the younger explants bone
resorption slightly exceeded bone deposition. Despite this, few
osteoblasts or osteocytes were degenerate, except in the innermost
periosteal trabeculae and in the endochondral spongey bone. The
endochondral ossification was almost arrested, although there was
some invasion of the hypertrophic cartilage by cells from the
marrow cavity with loss of mucopolysaccharide staining in the
ground substance. Elsewhere in the cartilage the matrix and its
metachromatic staining was well preserved, although the proli¬
ferative zone showed signs of diminished activity. Here the
cells showed loss of their columnar arrangement, becoming more
rounded and difficult to distinguish from the adjacent cartilage
cells. Although the marrow cavity enlarged, as the hypertrophic
cells were invaded, its contained haemopoietic cell population
degenerated and was replaced by sparse reticulum cells and fibres.
In describing the in vitro growth of 14-16 day embryonic
mouse radii, Gaillard (1961) noted little difference in the growth
on synthetic as compared with natural media, but gave no details
of increase in weight or length. Biggers et al (1961) were the
first to culture 15-day-old embryonic mouse tibiae on a completely
chemically defined medium. They reported over 100% increase in
length during a 6-day culture period, far greater than in any
other study, but this was not accompanied by an equivalent
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increase in dry weight. The rudiments they used were mainly
cartilaginous with very little periosteal bone present, so that
it is probable that most of the increase in length was due to
the hydration affecting rudiments grown on synthetic media. In
a study using 16-day embryonic mouse ulna and radius, Saxen (1966)
showed a 10.5% increase in total length over a 10-day culture
period on synthetic medium enriched with 10% serum. The increase
in length of the mineralized zone of the bony shaft was relatively
greater, increasing by 136% over the controls. There was an
associated increase in dry weight of 34% and of nitrogen content
by 12%. He concluded that maximal calcification and growth
occurred with 16-17 day rudiments and that it was slower in
younger or older bones.
The growth of post-natal mouse long bones in vitro was
described by Rajan (1969) using explants from 10-day-old mice.
These were maintained in culture on a modified BGJ medium enriched
with 15% serum during a 12-day period. He noted that, although
the cartilage remained healthy, the bone showed increasing necrotic
changes after the fourth day in culture. These changes could be
partly reversed by increasing the oxygen concentration in the
gaseous environment. When this was increased to 50% the survival
of bone improved but it proved injurious to the cartilage which
showed degeneration and resorption. Ellis & Peart (1970) used
younger one-day postfoetal mouse limb bone rudiments and showed
a. 22% increase in length over a six-day period of growth on BGJ
medium enriched with 25% serum. They reported good preservation
of the anatomy with both periosteal and endosteal bone formation,
though there was no growth by endochondral ossification.
The two major problems in growing mammalian bones in vitro
are the failure of normal mineralization in newly-formed osteoid
and the arrest of endochondral bone formation. The only report
of normal endochondral bone growth came from the experiments of
Crelin (1967) and Crelin and Koch (1367). They used a synthetic
Eagle's medium, supplemented with 10% horse serum and 3% embryo
extract to grow embryonic mouse pubic bones. The rudiments were
labelled by exposure to tritiated thymidine and the cells studied
by autoradiography through the developmental stages of periosteal
and endochondral bone formation. They demonstrated that the
hypertrophic chondrocytes of the calcified cartilage could survive
dissolution of their matrix and transform into the osteoblasts and
osteocytes, which formed endochondral bone even in the absence of
blood vessels.
In selecting the most suitable age of limb bone rudiment for
optimum in vitro growth the findings of Ginter (1966) are very
relevant. He compared the growth over a six-day period of long
bones from mouse embryos of 13, 14 and 15 days development. In
common with other workers, he noted the most active growth in
the first two days in culture and that all significant elongation
had occurred by the fourth day. There was little difference to be
found in the rudiments at four or six days. Most of the growth
occurred in the cartilage by hypertrophy of chondrocytes and an
increase in the amount of ground substance between the cells.
Periosteal bone, when present, continued to thicken and the first
stage of endochondral ossification by destruction of the
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hypertrophic cartilage cell layer was noted. He concluded that
both in culture and in vivo the most highly differentiated
anlagen of the bone showed the smallest increase in length and
that this difference in the relative increase in the length of
the anlagen persisted. Unfortunately he used a complex mixture
of a chemically defined TC 199 medium, with natural supplements
of serum and embryo extract and it is uncertain whether these
observations are true of chemically defined medium alone.
Experimental evaluation of tissue culture variables.
Because of the confusing evidence in the literature reviewed,
experiments were designed using a stationary culture technique to
evaluate the following
(1) To compare growth and viability on synthetic and natural
media.
(2) To compare growth and viability on three different
synthetic media; TC 199, Eagle's basal medium, and
BGJ (P6 modification).
(3) To determine the influence of serum supplements in
promoting bone formation or resorption in culture.
(4) To determine the effect of varying ascorbic acid dosage
on bone production and the prevention of cartilage
hydration.
(5) To investigate the variation in growth of rudiments




A commercial strain of mice, T.O. Tuck's No.l (A. Tuck
& Son Ltd., Rayleigh, Essex) was used throughout this work.
Initially pregnant females were obtained from the suppliers,
but some difficulty was experienced in accurate timing of the
gestation period which did not always correspond with that
stated. In later experiments surviving male and female off¬
spring were used for further breeding in the laboratory by
the following method.
Monogamous pairs were placed in cages in the early
afternoon and left overnight. The females were examined
each morning for the presence of vaginal plugs and if these
were present the male was removed. The day of appearance of
the plug was taken as day 0 in the gestation period of the
embryo. About 75% of the mice with plugs proved to be
pregnant.
The gestation period with this strain of mouse was 19
days with an average litter size of 11 embryos.
(2) Isolation of bone rudiments
Embryos ranging in age from 14 to 19 days were used in
these experiments. Pregnant females were killed by cervical
dislocation and the embryos removed aseptically, using fresh
sterile instruments for each stage of the dissection. After
cleaning with 70% alcohol, the skin of the abdomen was opened
vertically with scissors and stripped back laterally to
expose the peritoneum. This was moistened with 70% alcohol
and incised in the midline to expose the uterine horns
with the contained embryos. The gravid uterus and its
contents were removed and immersed in Hank's balanced
salt solution (Burroughs Wellcome) in a sterile covered
petri dish. This solution, of composition shown in
Appendix B, provides a physiological pH in the range
7.3-7.6 when equilibrated with air and was used at room
temperature for all stages of the dissection. The uterus
was opened and the embryos separated from their foetal
membranes and placenta before transfer to another dish of
Hanks' solution. Biggers (1960) stressed the importance of
early separation of the embryos from the uterine membranes
if maximal elongation of rudiments is to be obtained.
Fine watchmaker's forceps and ophthalmic scissors were
used to remove the fore-limbs and hind-limbs from each
embryo, which were then placed in pairs into Hanks' solution
in the recess of a sterile dissecting slide (Hospital and
Laboratory Supplies Ltd.). Each dissecting slide was
enclosed in a sterile petri dish and kept in the incubator
until required.
Dissection of the limbs was carried out under magnifica¬
tion with a Wild M5 stereo-microscope using cataract knives
and watchmaker's forceps. The skin and soft tissues were cut
away from the rudiments, which were disarticulated at their
proximal and distal joints, with care not to detach the
periosteum. During dissection the rudiments were moistened
at intervals with fresh Hanks' solution from a Pasteur
pipette. When clean, the rudiments were transferred with
forceps to the grids in the prepared culture dishes. The
tips of the instruments were resterilised in a beaker of
boiling distilled water between dissections. A sterile
museum jar placed on its side was used to hold the tips of
instruments and pipettes when not in use. All glassware and
instruments were cleaned prior to use and sterilised by dry
heat at 160°C for two hours.
Culture technique
(a) Preparation of culture dishes.
The culture dishes were prepared prior to isolation
of the rudiments and were kept in an incubator at 37.5°C
until required. Using a sterile non-touch technique,
two 30 mm disposable plastic petri dishes were placed
inside a 10 cm diameter plastic petri dish carpeted with
three thicknesses of No.l Whatman's filter paper. The
lids were removed from the small dishes and discarded.
Both sizes of plastic dish were supplied pre-sterilised
by gamma-irradiation (Falcon Plastics Ltd.). A grid of
stainless steel mesh, 2 cm square with two opposite edges
folded down to form 2 mm legs, was placed in each small
dish. The grids were cut out from a roll of 'Micromesh'
expanded stainless steel, F.D.P. quality No.978/mm (The
Expanded Metal Co.). Prior to use they were washed in
concentrated nitric acid, running tap water, several
changes of distilled water, and 70% alcohol, before
sterilisation by dry heat at 160°C for two hours.
The filter paper carpet in the large petri dish
was moistened with 5 ml of sterile normal saline
introduced by pipette to produce a moist atmosphere.
The selected culture medium was added to each small
dish using a disposable Pasteur pipette. A volume of
1.5 ml was found to be required to just wet the top of
the grid by capillary action. To prevent the formation
of trapped air bubbles beneath the grid, the first five
drops were placed on its surface and the remainder
introduced into the dish against the closed side of the
grid. The use of millipore filter or lens paper on the
surface of the grid was shown to be unnecessary by
Mawhinney (1968) and might even inhibit rudiment growth.
All manipulations were carried out under a perspex shield
to prevent contamination.
The plastic petri dish containing the small culture
dishes and grids is illustrated in Figure 17. A
diagrammatic representation of the complete culture
system with the rudiments on the grids is shown in
Figure 18.
Gassing of cultures.
When prepared the petri dishes were stacked in a
stainless steel rack which fits inside a modified
Maclntosh-Fildes anaerobic jar (Fig.19). The jar had
its side outlet tube blocked off but could be gassed
through the inlet and outlet valves on the lid after
closure. The gaseous phase used in these experiments
was 95% air and 5% carbon dioxide, supplied in 120 cubic
ft cylinders to an accuracy of ± 0.1% (British Oxygen
Co., Special Gases Division). The gas was passed
through a reducing valve and delivered by sterile
tubing to the anaerobic jars while these were contained
in an incubator at 37.5°C. A flow rate of 2 litres per
minute was used for ten minutes to flush out the jars
prior to closure of the outlet and inlet valves.
(c) Regassing and change of media.
The jars were regassed every 24 hours during the
period of in vitro culture using the same technique.
The evaporation from the saline soaked filter paper in
the petri dishes provided a sufficiently moist
atmosphere without the need to humidify the gas itself.
The culture medium was changed every 48 hours with
new medium of known pH previously warmed to 37.5°C in
the incubator. Using sterile Pasteur pipettes the old
medium was sucked off from each dish and its pH measured
prior to discard. The new medium was added to each dish
using a fresh pipette with care to avoid trapping air
bubbles beneath the grid. The explants were then turned
over through 180° on the grid surface using sterile
dissecting needles. This prevents the formation of
cellular outgrowths which sometimes anchor the bone
rudiments causing distorted growth and bending. The
culture dishes were replaced in the jar and regassed
in the incubator as described previously.
Culture Media
Synthetic culture media of three types were used in the
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experiments to determine optimum conditions for growth in
rudiments. These were T.C.199 (Burroughs Wellcome), P6
modification of BGJ medium (Strangeways Laboratory, Cambridge)
and Eagle's Basal Medium (Burroughs Wellcome). In experiments
to determine the effects of other variables the media were
supplemented with heat inactivated foetal calf serum
(Burroughs Wellcome) in 5% or 10% concentrations, and vitamin
C (B.D.H.) in concentrations up to 150 gm per ml.
(a) T.C.199 medium - was supplied in powder form with the
chemical composition shown in Appendix B. It was made
up in one litre batches by dissolving 10 g. of powder in
1000 ml of de-ionised water with the addition of 200,000
units of penicillin and 100,000jMgm of streptomycin. The
solution was passed through a 47 mm membrane 'Sterilin'
filter (Millipore Ltd.), with pore size of 0.22f/i, and
stored frozen in sterile glass bottles in 100 ml aliquots
until required. One bottle was sufficient for each set
of experiments and after thawing 5 ml of 4.4% sodium
bicarbonate solution was added. Additions of serum and
vitamin C were made to the desired concentration before
final millipore filtration into 1.5 ml aliquots. This
volume was sufficient for one culture dish and was stored
in disposable plastic screw capped vials (Sterilin Ltd.)
at 0°C.
(b) BGJ (P6 modification) medium - was supplied as a complete
medium in dried form with the composition shown in
Appendix B. It contained antibiotics, sodium bicarbonate,
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and 15 mg./lOO ml. of vitamin C requiring only to be
dissolved in double distilled water in a concentration
of 16.38 g. in 1000 ml. After bulk filtration the
medium was stored frozen in 100 ml. aliquots. One
bottle was thawed for each batch of experiments and
after addition of the appropriate serum concentration
was refrozen in 1.5 ml. volumes until required for use.
(c) Eagle's Basal Medium - is a simpler culture medium
consisting of a balanced salt solution with only a few
essential amino-acids and vitamins. It was supplied
in a lOx concentrate sslution in 100 ml. amounts. A
single strength solution was made up in one litre
batches by adding 100 ml. of concentrate to 900 ml. of
de-ionised water, together with 200,000 units of
penicillin and 100,OOO^g. of streptomycin. After
membrane filtration this was stored frozen in 100 ml.
aliquots. One bottle was thawed to supply sufficient
medium for one batch of experiments by the addition of
5 ml. of 4.4% sodium bicarbonate solution and the
appropriate concentration of vitamin C and serum.
This was dispensed in 1.5 ml. aliquots and frozen until
required for use.
(d) Chick embryo extract (Flow Laboratories) - was used
in a few experiments to provide a natural medium for
comparison with a synthetic chemical defined medium.
It was supplied in a sterile liquid form in 20 ml.
vials. The contents of one vial were added to 80 ml.
of single strength TC 199 medium. The resultant
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mixture was stood for 30 minutes in a water bath at
37°C to obtain maximum solution of the nutrients. The
insoluble residue was removed by centrifugation at
3000 r.p.m. for 10 minutes. Tritiated proline,
1.0_yuCi/ml., was added to the supernatent, which was
stored frozen in 1.5 ml. aliquots. The medium when
used thus contained 20% embryo extract with a radio¬
active collagen label.
(5) Measurement of growth
(a) Growth in length.
The overall length of each rudiment was measured
at the time of explantation using an eyepiece graticule
with a millimetre scale. Repeat measurements were made
at the time of each media change and at the completion
of the culture period to determine any change in length.
(b) Weight of rudiments.
In some experiments rudiments were weighed collect¬
ively at the end of the culture period and compared with
the contralateral rudiments from the same animals used
as zero controls or experimental controls. It was not
possible to weigh experimental rudiments at the time




At the end of the culture period rudiments were
fixed routinely in Zenker's solution, containing 5%
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acetic acid, for 40 minutes and then transferred to
tap water. In the few experiments where rudiments
were to be examined by autoradiography the fixative was
changed to Bouin's solution, which does not contain
heavy metal salts.
(b) Dehydration and embedding.
The rudiments were dehydrated by passage through
graded alcohols up to absolute. To facilitate orienta¬
tion of the small bones at the time of embedding these
were lightly stained by adding 5% eosin to the 98%
alcohol. After dehydration the rudiments were cleared
in chloroform prior to embedding in Paraplast paraffin
wax (Sherwood Medical Industries) with a melting point
of 56-57°C. A double technique was used with vacuum
impregnation followed by embedding in a disposable
plastic mould (Tissue Tek).
(c) Sectioning.
After trimming blocks were mounted and cut at 5yW
on a Jung rotary microtome to give serial longitudinal
sections. Three or four consecutive sections were
placed on each glass slide for staining or autoradio¬
graphy.
(d) Autoradiography.
In rudiments which had been prelabelled with tritiated
proline, some sections were used for autoradiography by
the dipping technique. Sections were first deparaffinised
with xylene and then rehydrated by passage down through
graded alcohols. Sufficient nuclear emulsion, NTB3
(Kodak England Ltd.) or K2 (Ilford Ltd.), was melted
in a water bath at 40°C and diluted 50% with water
under dark room conditions. After stirring to remove
air bubbles a slide dipping jar was filled with emulsion
and the slides dipped in turn. Each slide was immersed
vertically for 10 seconds and the excess blotted from
its end with a gauze pad. The thin uniform layer of
emulsion produced was allowed to gel in the horizontal
position on drying racks. Slides were then placed in
light tight boxes, sealed and exposed for four weeks
at 4°C in a refrigerator compartment. All the dark
room manipulations were carried out using a Kodak
Wratten Series 1 safelight.
The autoradiographs were developed by immersion in
Amidol developer for two minutes, rinsed in distilled
water, and fixed in acid fixer solution for three minutes
(all chemicals Kodak Ltd.). After the slides were washed
thoroughly in distilled water they were stained prior to
examination.
Staining.
Sections were stained routinely with haematoxylin
and eosin, toluidine blue, alcian blue and P.A.S., and
Heidenhain's azan stain.
Slides used for autoradiography were post-stained
after development with either Harris haematoxylin, or
























Fig. 19 Modified anaerobic jar and
petri dish rack
RESULTS
1) Comparison of Synthetic and Natural Media
Two separate experiments with six pairs of late 18-day tibial
rudiments were used to compare synthetic TC-199 medium with the
same medium supplemented by 20% chick embryo extract. Two pairs
of rudiments were harvested at each media change. Over the 6-day
period of culture the pH of both media remained within physio¬
logical limits and did not differ by more than + 0.05. The results
obtained were as follows:-
a) Increase in length.
The percentage increase in length of the paired rudiments for
each 2-day period in culture is shown graphically in Figure 20.
With the exception of one pair, elongation was slightly greater
in rudiments grown on medium containing embryo extract. Most
growth occurred during the first 2 days and any further increase
in length at 4 days was usually lost by 6 days due to bending
of the bones.
b) Histology and autoradiography.
(i) Embryo extract medium - after 2 days in culture the end
cartilages showed evidence of central lysis, particularly in
the zone of proliferation. (Fig.21A). At the cartilage centre
there was loss or pyknosis of cell nuclei, vacuolation of the
surrounding cells, diminished matrix metachromasia, and less
glycogen staining in the cytoplasm.
Another marked feature was the thickening of the perichondrium
particularly overlying the site of central necrosis. Here it
was up to 10 cells thick, lacking metachromasia of the
ground substance but showing positive azan staining suggesting
new collagen formation. The autoradiographs showed some
generalised labelling throughout the matrix and cells of the
cartilage, but this was not as heavy as activity in the cells
of the thickened perichondrium (Fig.22A). At 4 days and
6 days the degeneration of the end cartilages became more
marked, with widespread vacuolation, nuclear death in all
layers and further loss of metachromasia. The perichondrial
thickening became less marked, though exceeding that in the
paired rudiments on synthetic medium.
In the bone of the shaft the periosteal layer showed
thickening at 2 days in continuity with the perichondrium.
On the surface the cells were more flattened but there were
well marked rounded osteoblasts in the deeper layers forming
new osteoid on the surface of the bony shaft (Fig.23A).There
was little evidence of endochondral bone formation and some
resorption had occurred in the hypertrophic zone of the
cartilage. Endosteal bone formation was also arrested with
some loss of osteoblasts and osteocytes in the deeper layers
of the shaft bone. The cellular density of the marrow was
decreased, although a few red blood cells were still present.
The majority of the population consisted of small round cells
of macrophages and only occasional multinucleate osteoclasts
were seen. After 4 and 6 days in culture the periosteum
became thin, but still contained active osteoblastic cells
mainly confined to the superficial layer. Autoradiography
showed some label incorporated in the cells and adjacent
matrix of the superficial periosteal layer. This persisted
for up to 6 days in culture, though little appeared in the
deeper matrix of the cortical bone. In the later stages
of culture,grains were seen in the osteoclastic cells which
were now in evidence in the endochondral region, where they
engulfed the remains of the hypertrophic cartilage cells.
(ii) Synthetic TC-199 medium - The cartilage at 2 days did
not show much evidence of central lysis (Fig.21B) nor was
there such marked thickening of the perichondrium. The
autoradiograph showed rather more label in the matrix and
cells of the cartilage, particularly over the nuclei in the
proliferative zone though again the label was heavier in the
perichondrium, (Fig.22B). By contrast with the natural
medium, the end cartilages at 4 and 6 days showed some
preservation of the chondrocytes with zoning into the flattened
proliferative and hypertrophic layers. Some of the more central
cells in the proliferative zone showed increased vacuolation,
resembling hypertrophic cells, but overall the matrix
metachromasia was better preserved.
In contrast, the bone of the shaft showed more degenerative
changes than the rudiments grown on natural medium. At 2 days
osteoblasts were still present and active in the periosteum and
between the trabeculae of the bony shaft (Fig.23B), though
endochondral ossification seemed to be arrested. Few osteo¬
clasts were present at this stage and red cells were still
present in the marrow. At 4 and 6 days the bone of the
shaft became buckled on sectioning, with an associated
loss of collagen on azan staining. Few osteocytes or
osteoblasts remained in the deeper portion of the cortex
or on its endosteal surface, while those in the superficial
layers became more flattened and spindle-shaped.
Autoradiographs showed little evidence of new label
incorporation at the periosteal surface, though there was
better preservation of the heavy labelling previously
incorporated in the deeper layers of the shaft bone (Fig.24B).
Some attempt at endochondral formation was also present in
these later stages as shown by weak PAS positive staining of
osteoid on the surface of the cartilage cores, with associated
incorporation of tritiated proline label in autoradiographs.
2. Comparison of Synthetic Media.
The growth and histological viability of embryonic limb bones
were compared on different synthetic media in two experiments,
each using eight late tibial rudiments. The TC-199 medium was
compared with Eagle's basal medium in one and with the modified
BGJ medium in the other.
The results were:-
a) Increase in length.
The percentage increase in length for each set of paired
rudiments during the 6 day period of culture is shown graphically
in Figures 25 and 26. In both experiments the poorest growth
was obtained with TC-199, although the relative difference was
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much greater with BGJ than Eagle's medium. Even on BGJ medium
the maximum elongation obtained was only just over 10%.
b) Histology.
(i) TC-199 and Eagle's basal medium.
There was little difference in the paired rudiments
after the 1 day in culture both showing some hypertrophy of
their end cartilages. This was accompanied by early
degenerative changes in some of the more central chondrocytes,
narrowing and resorption in the hypertrophic cell layer, and
some increase in the proliferative cell layer. The bony shaft
and marrow were better preserved on Eagle's medium, although
some loss of collagen on azan staining was evident in both.
After 2 days the end cartilages were more soft and
degenerate showing distortion in the sections and more wide¬
spread chondrocyte death, though ground substance metachromasia
was well preserved. More osteoblasts were dead on the periosteal
surface of the rudiment on TC-199, while the marrow cells
were replaced by a population of small round cells.
At 4 days there were two definite and distinct histo¬
logical features observed, particularly in the rudiments on
Eagle's medium. In the end cartilages a junctional zone
developed between the proliferative and hypertrophic cell
layers, while in the bone of the shaft osteoblastic activity
re-appeared in the cells of the deeper layers of the
periosteum. The new zone in the cartilage consisted of
flattened cells invading in from the perichondrium and
showed positive PAS and azan staining. (Fig.27). At the same
time the central chondrocytes of the epiphyseal zones showed
increased vacuolation and PAS staining.
After 6 days both rudiments showed gross degenerative
changes, particularly with TC-199. Despite the re-appearance
of cells resembling pre-osteoblasts in the shaft, the bone
showed increasing resorption and marrow degeneration. The
changes seen in the end cartilages at 4 days were still present
but in both rudiments there was a loss of metachromasia around
the periphery. This was associated with the formation of a
layer of fibroblasts sealing off the end cartilages from the
shaft. (Fig. 28).
(ii) TC-199 and BGJ medium.
After 1 day the rudiment on BGJ medium showed definite
proliferation of the end cartilages with widening of the
hypertrophic cell layer, unlike the early degenerative changes
seen on TC-199.
However at 2 days the hypertrophic cell layer on both
media became sealed off from the shaft by the ingrowth of
flattened cells showing positive PAS and azan staining.
After 4 days the central chondrocytes showed lysis on
TC-199, but were vacuolated with increased PAS positive
staining on BGJ.On both media the bone and marrow of the
shaft showed marked degenerative changes with resorption and
cell death. The periosteal bone was better preserved on
TC-199, while the trabecular bone in the zone of endochondral
ossification showed less resorption on BGJ medium. Little
difference was seen in the rudiments after 6 days in culture.
3. Influence of Serum Supplements
Two experiments were performed to determine the effect of
adding heat inactivated foetal calf serum in a concentration of
5 or 15% to the synthetic media BGJ and TC-199. Sixteen paired
late tibial rudiments were used in each experiment to compare the
growth in length, histological appearance, and autoradiographic
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localisation of H-proline on plain media with serum supplements.
The results were:-
a) Increase in length.
The percentage increase in length of the paired rudiments for
the six day period in culture is shown graphically for the BGJ
medium in Figure 29 and for TC-199 in Figure 30. On BGJ medium,
serum supplements gave improved growth in most pairs and the
effect was more immediate and better sustained with 15% than 5%.
A similar effect was seen with serum supplementation of TC-199,
though the increase in length was not so great or so immediate,
as with BGJ.
b) Histology and autoradiography.
(i) BGJ medium.
After 1 day in culture the end cartilages showed very
little difference on the serum enriched media when compared
with the plain, except for a more marked widening of the
proliferative cell layer due to chondrocyte enlargement and
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TABLE 2
Effect on % growth in length of Serum supplements with TC-199.





























































Effect on % growth in length of Serum supplements with BGJh'lv






















































division. At 2 days the cartilage on the enriched media
showed less central lysis and widespread chondrocyte
vacuolation than the controls. By 4 days the invasion of
flattened cells from the thickened perichondrium into the
proximal part of the hypertrophic cell layer was much more
complete with the serum enriched media. At 6 days this
divided the hypertrophic cells into two zones with the
flattened cells between showing well marked positive staining
with P.A.S. and azan, suggesting the presence of glycogen and
new collagen (Fig.31).
In the bone of the shaft the addition of serum produced
differences visible after only 1 day in culture.The endosteal
resorption of bone was more marked and accompanied by the
presence of numerous multinucleate osteoclasts (Fig 32), not
seen with plain medium. This change was more marked at 2 days,
though slightly compensated by the thickening of periosteum in
continuity with the perichondrium at the bone ends. After 4
days there were very few viable periosteal osteoblasts with
the plain medium, though these were still actively producing
new osteoid over the junction of shaft bone and end cartilages
on the enriched medium.
The tritiated proline autoradiographs confirmed that the
formation of new osteoid by the periosteal osteoblasts and its
resorption by macrophages on the endosteal surface was
enhanced by the addition of serum (Figs.33A & 33B). After
4 days the label was no longer present in the periosteum but
was still deposited in the thickened perichondrium overlying
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the junction of the proliferative and hypertrophic zones
of the cartilage (Fig. 34). This occurred with both plain
and enriched media, but with the latter label was also
deposited heavily at the site of invasion in the hypertrophic
zone (Fig.35).
The changes in cartilage and bone induced by the addition
of serum occurred with both concentrations, although
preservation of normal morphology was marginally improved with
the higher concentration of 15%.
(ii) TC-19.9 medium.
Differences were apparent in the rudiments grown on serum
enriched media after only 1 day in culture. In the end
cartilages there was less resorption of the distal part of the
hypertrophic cell layer than with plain medium, though the cells
at the centre of the proliferative zone were rounder and more
vacuolated. The most marked feature was the thickening of the
periosteal and perichondral cell layers, occurring with both 5%
and 15% serum.
After 2 days in culture this thickening was even more
marked, particularly towards the ends of the rudiment where
it was 6-8 cells thick (Fig. 36A and 36B). Although some
deeper osteocytes in the shaft bone were dead, as shown by the
empty lacunae, the surface layer showed healthy osteoblasts and
pre-osteoblasts laying down new osteoid.
After 4 and 6 days the shaft bones showed rather more
degenerative changes, even with serum supplements, but although
some of the deeper bone was resorbed the surface layers remained
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healthy without much further thickening. No osteoclasts were
seen in relation to the resorption of the deep bone, although
this had been a feature with the addition of serum to BGJ
medium. The end cartilages showed more cellular invasion
from the thickened perichondrium into the proximal part of the
hypertrophic zone with serum supplements. There was a loss
of metachromatic staining and the formation of collagen at the
site of invasion and in one rudiment a transverse split in the
cartilage tissue appeared. As with medium BGJ little difference
was noted between the addition of 5% or 15% serum.
4. Effect of varying Ascorbic Acid concentration.
As the P6 modification of BGJ medium contains a high
ascorbic acid concentration of 150 jLigm/ml. the experiments to
determine its effect were carried out with TC-199. Pairs of
late tibial rudiments were grown on the plain medium, or medium
supplemented with ascorbic acid to the level of 50 or 150 ^tgm/
ml. The results were unsatisfactory because of the inability
of the bicarbonate buffer system to maintain the media with
high ascorbic acid concentrations within physiological limits.
When this pH was checked at each medium change it was found to
differ more widely than the + 0.1 obtained in all other
experiments. In the media containing ascorbic supplements
this was between 0.25 and 0.35 higher than the plain medium.
The results recorded were:-
a) Increase in length.
There were no significant differences in the percentage
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increases in length of the rudiments during the six days
in culture. In none of the rudiments was this greater
than 10% and in most cases the rudiment grown on plain
medium exceeded its pair on high ascorbate concentration,
b) Histology.
After 1 day the cartilage of the rudiments grown on
medium with a high ascorbate level showed much more cell
division and broadening in the proliferative and maturation
zones. There was also less resorption of the hypertrophic
cells when compared with controls on plain medium. In the
later stages of culture the central epiphyseal chondrocytes
showed increasing vacuolation and hydration with widespread
loss of matrix metachromasia with the higher concentrations.
In the bone the poor osteoblast and osteocyte survival
previously described with plain TC-199 was still evident
and seemed unaffected by the rise in ascorbate level. The
bone in the rudiments on high ascorbate concentration medium
was non-viable after the second day in culture, presumably
from the toxicity of the high medium pH.
5. Effect of Age of embryonic rudiment.
Three litters of foetal mice, classified as 'early',
'intermediate' or 'late' by the criteria of rudiment length,
were used for this study. The six tibial rudiments were
cultured under identical conditions for six days using BGJ
medium supplemented with 5% serum. The results obtained were:-
a) Increase in length.
The increase in length of individual rudiments over the
DO
period of culture compared to their initial length is shown
in Table 4 and the mean percentage increase is plotted
graphically in Figure 39.
The rate of elongation was much greater in the early
rudiments, being twice that in the late group. At all ages
maximal growth had been achieved by four days and normally
some shortening had occurred by 6 days.
b) Preservation of Histological Appearances.
Histological evidence of viability was preserved in all
rudiments at the end of the 6 days in vitro, although the
late rudiments showed greater degeneration in the bony shaft.
As no marrow cavity had formed in the early rudiments
degeneration of the cellular population was not seen and
the thin shell of bone was preserved with some thickening
by periosteal apposition. In rudiments of all ages the end
cartilages and their cellular zones were well preserved and
showed elongation by cellular proliferation and formation of
ground substance. With the arrest of endochondral bone
formation in the intermediate and late rudiments, the




























































































































Fig. 20. Percentage increase in length of paired late
tibial rudiments on medium TC-199 + embryo
extract.
TABLE 1
PERCENTAGE INCREASES IN LENGTH OF TIBIAL RUDIMENTS
2 days
TC-199 10.4 r-i—1i—1 5.8 8.7 3.6 4.9
TC-199 +
Embryo Extract 9.5 CO•i—1i—I 6.0 •o1—1 6.0 6.0
4 days 6 days
TC-199 10.0 8.1 6.1 7.2 4.9 8.4
TC-199 +
Embryo Extract 9.6 11.7 8.4 10.8 9.6 10.8
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Fig. 21A. End cartilage after 2 days on TC-199 + Embryo Extract.












Fig 22A. Autoradiograph of end cartilage after 2 days






Fig. 22b. Autoradiograph of end cartilage after 2 days





















Fig. 24A. Autoradiograph of shaft bone after 2 days





. V J d) Marrow cavity
Haematoxylin
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Fig. 25. COMPARISON OF TIBIAL GROWTH IN LENGTH ON
EAGLE'S AND TC-199 MEDIA.
Time Medium % increase in length
1 day Eagle1s
2.5 1.7 0.9 1.9
TC - 199 3.6 1.8 O • 00 CO•1—1
2 days Eagle's
1.7 1.9 00
TC - 199 0. 9 H • 00 00•CM
4 days Eagle's
4.6 7.6
TC - 199 00•CM 4.5
6 days Eagle's
4.7








Fig. 26. COMPARISON OF TIBIAL GROWTH IN LENGTH ON
BGJ AND TC-199 MEDIA.
Time Medium % increase in length
1 day
BGJ 5.0 7.8 7.2 6.3
TC - 199 4.0 3.0 3.3 1.1
2 days
BGJ 11. 6 10.3 8.3
TC- 199 2.0 2.4 1.1
4 days
BGJ 11.3 9.4
TC - 199 6.6 5.5
6 days
BGJ 10.4
TC - 199 4.2





Alcian blue & PAS
Fig. 27. End cartilage after 4 days on Eagle's medium.
x 220
Alcian blue & PAS
A. Osteoblasts
B. Osteoid matrix




























Alcian blue & PAS.






Alcian blue & PAS






Fig. 33A. Autoradiograph of shaft bone after






Fig. 33B. Autoradiograph of shaft bone after







Fig. 34. Autoradiograph of end cartilage after
4 days on plain BGJ medium.
A. Perichondrium






Fig. 35. Autoradiograph of end cartilage after
4 days on BGJ + 5% serum.









Alcian blue & PAS
x 90
Fig. 36B. End cartilage after 2 days on TC-199 + 15% Serum.
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Alcian blue & PAS
x 340
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Fig. 38. Shaft bone after 6 days on TC-199 + 15% Serum.
Fig. 39. Comparison of percentage increase in length
with age of rudiments.
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DISCUSSION
1. Synthetic or Natural Media?
The use of embryo extract as a 20% supplement for the synthetic
medium improved growth in length but did not maintain normal
rudiment morphology. There was improved periosteal bone growth
when compared with synthetic medium alone but this was accompanied
by more degeneration of cartilage and an arrest of endochondral
bone formation.
Although the addition of 20% embryo extract to synthetic TC-199
does not represent a full natural medium, it does introduce the
unknown stimulatory effect of embryonic juices. The limitation of
growth in length at 10% is similar to that obtained by Fell and
Mellanby (1952) on a mixture of plasma and embryo extract. The
improved elongation with embryo extract obtained in these experiments
is at variance with the findings of Jones and Keeler (1971),
although they had used synthetic Eagle's medium rather than TC-199.
In addition they added 50% serum to their synthetic medium and used
much younger 15-day foetal rudiments, which consist largely of
cartilage. Nevertheless the histological changes they reported
were similar, showing preservation of cartilage but arrest of
periosteal and perichondrial bone formation. From these experiments
it seems that the disadvantages of introducing the unknown biological
factor of embryo extract are not outweighed by the improved growth
and preservation of normal morphology, though obviously synthetic
medium alone is insufficient for normal growth.
2. Which synthetic medium?
Of the three synthetic media compared over a 6 day period
in culture, the P6 modification of BGJ medium gave the most
satisfactory elongation, while TC-199 was poorest. However
the differences were not great and the morphological changes
were probably of greater significance. None of the media
tested was sufficient to maintain full viability in all the
tissues of the rudiments for more than 24 hours.
The end cartilages showed early degenerative changes after
only 1 day in culture, but these were less marked with BGJ
medium. This would support the view of Reynolds (1966) that
the higher level of vitamin C in this medium is necessary for
the preservation of chondrocyte viability and the prevention of
over-hydration. The appearance of the layer of flattened cells
sealing the hypertrophic zone from the shaft after 2-4 days
in culture was difficult to explain. It has been reported
previously by Jones and Keeler (1971), who attributed it to
high vitamin C levels in the medium. However, as it was seen
with all the media tested this cannot be the cause since the
ascorbate level varied widely. It may represent the formation
of a layer of osteoid by osteoblastic cells on the surface of
the distal degenerating hypertrophic cells which is not resorbed
in the absence of the metaphyseal blood vessels. Although the
end cartilages were best maintained on BGJ medium, they did show
evidence of central chondrocyte vacuolation with the appearance
of positive glycogen staining. This may represent the early
changes preceding the appearance of a secondary ossification
centre.
The bony shaft showed degenerative changes from the
second day onwards superimposed on a loss of the normal marrow
cell population. There was little difference in the
periosteal osteoblast activity between media, but resorption
of bone was greater with TC-199 than either Eagles' or BGJ
medium.
3. Are Serum Supplements required?
The experimental evidence obtained suggests that serum
supplements are necessary to maintain a degree of viability
in the explants over a 6 day period of in vitro culture.
Its addition produced improved elongation of the rudiments
and with BGJ medium, which also contains an optimum
concentration of ascorbic acid, this reached a maximum of
15 - 20%. This effect and the maintenance of the cell
populations within the rudiments appeared to be slightly dose
dependent, although this was related to the timing of the
effect rather than its maintenance.
At the cellular level the most dramatic effects of
serum supplementation were seen in the bone. The increased
cellular activity previously reported by Fell and Weiss (1965)
was confirmed, as was the increased osteoclast production
referred to by Liskova and Jean (1970). Synthetic activity
in the osteoblasts and chondroblasts of the periosteum and
perichondrium was also enhanced and it seems certain that
serum is essential if this is to occur on synthetic medium.
Its effect on cartilage was less clear-cut but no adverse
effects were noted.
4. Is Ascorbic Acid necessary for cartilage viability?
From the review of the literature on the role of
ascorbic acid or vitamin C clear evidence emerged that it was
necessary for the prevention of over-hydration of cartilage in
culture. A reversed effect was seen in the experiments
described but this could be attributed to the gross deviation
from normal of the pH in the culture medium. When the increased
concentrations of ascorbic acid were added to TC-199 medium
toxic effects quickly occurred in the bone and were followed
thereafter by similar changes in the cartilage. The reverse
of the desired effect of prevention of cartilage hydration and
loss of ground substance was seen. Despite this the BGJ
medium which already contains supplemented levels of ascorbic
acid to 150 jj.qm/m±. gave satisfactory maintenance of viability
with the addition of serum supplements, suggesting that the
substance is not toxic in itself. Ascorbic acid which is a
reducing agent would certainly be required in later experiments
when it was planned to use high oxygen concentrations in the
gas phase.
5. What age of rudiment should be used?
Although the early rudiments demonstrated the most
satisfactory growth in length, in culture they were
morphologically incomplete in lacking endochondral bone
formation and a marrow cavity. Being largely cartilaginous
the hypertrophy of the end cartilages produced maximal
elongation.
The late rudiments, in which the bony shaft occupies
more than two-thirds of the total length, elongated poorly
due to the cessation of endochondral bone formation.
The intermediate length rudiment was the most
satisfactory model, as the relatively large end cartilages
still offered an adequate growth in length, while the bony
shaft was sufficiently formed to allow evaluation of the
effects of other variables on its morphology.
In summary these experiments on the variables of this
in vitro culture system would suggest that the nearest
approach to the ideal would be to use intermediate age
rudiments grown on BGJ medium supplemented with 15% serum and
an ascorbic acid level of 150 Ltgms/ml.
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PART II
COMPARISON OF IN VITRO GROWTH WITH NORMAL
IN VIVO DEVELOPMENT OF MOUSE LIMB BONES
INTRODUCTION
In Part I of this thesis the effect of variables on the in
vitro growth of foetal mouse limb bones was considered and the
optimum conditions for growth in culture determined. This growth
and development during a six day period in culture should ideally
approach to the normal in vivo situation. Thus it was felt
necessary to compare the in vitro growth with normal in vivo
development up to and beyond the time of explantation. Any
changes induced in the mouse limb bones in culture by alteration
of the oxygen level in the gaseous phase would need to be inter¬
preted in relation to this comparison.
In vivo development of the mouse limb bones.
The prenatal development of the mouse appendicular skeleton
has been well documented in the papers of Carter (1954) and
Forsthoefel (1959). They described the normal process of develop¬
ment in the CBA, CK and C57 mouse strains respectively as a
preliminary to a study of genetic defects induced in the limbs.
Both these workers counted the gestation period in half days as
fertilisation was allowed to occur overnight and the experimental
dissections were carried out on successive mornings.
Upper limb development preceded that of the lower limb by
approximately one day. In the 9% day embryo an ectodermal
thickening had appeared over five segments at the site of the
upper limb bud development. At 10% days the mesenchymal bud had
developed as a projection covered by ectoderm. At 11% days foot
plate development had commenced and the first evidence of
blastemal condensations for the post-axial bones of the scapula,
humerus and ulna had appeared. At 12% days the foot plate was
rounder and the pre-axial condensations had appeared for the
radius and carpus. At the same time chondrification had
commenced in the humerus, ulna and scapula. At 13% days the
foot plate was polygonal and indented and blastemal condensations
were present for the metacarpals. Chondrification had commenced
in the radius and all the cartilage of the long bone shafts
showed hypertrophy prior to ossification. At 14% days the
fingers were separated distally and all carpal elements were
chondrified. The middle of the perichondrium in the shaft of the
long bones was invaded by blood vessels and converted to perio¬
steum. At 15% days ossification had commenced in the shaft of
the humerus, radius, ulna and scapula, while the shoulder and
elbow joints were formed and all the limbs moved on stimulation.
At 16% days all the upper limb skeleton was chondrified and
ossification had also occurred in the second to fifth metacarpals.
At 17% days immediately preceding birth all the limb bone rudi¬
ments showed ossification in their shafts, except for the carpus
which still consisted entirely of cartilage.
As already stated, development of the lower limbs did not
commence until 10% days when it was represented by an ectodermal
swelling over four segments. At 11% days the mesenchymal lower
limb bud projected ventrally and early blastemal condensations
were evident for the pelvis, femur and proximal fibula. At 12%
days the circular foot plate was well differentiated and further
condensations of mesenchyme were evident for fibula, tibia and
tarsus. At the 13% day stage there were shallow indentations in
the polygonal foot plate together with chondrification, which
commenced first in the femur and followed quickly in the tibia and
fibula. At 14% days the foot plate was deeply indented and hyper¬
trophy of the cartilage had commenced in the shafts of the femur,
tibia and fibula. At 15% days the toes had separated and diverged,
the hip joint had commenced forming and ossification was visible
in the shafts of the femur, tibia and fibula with early differentia¬
tion of the knee joint. At 16% days advanced ossification was
present in the femur, tibia and fibula. At 17% days immediately
preceding birth ossified shafts were present in the ilium, pubis,
ischium, femur, tibia, fibula, the intermediate portions of the
tarsus, all the metatarsals and the phalanges. The patella and
all other tarsal elements remained in cartilage.
Comparisons of in vitro and in vivo growth.
Several workers have compared the in vitro and in vivo growth
of limb bone rudiments from the chick embryo. They have all used
rudiments from embryos less than 10 days old, which consist
entirely of cartilage. Fell & Mellanby (1955) investigated the
relative growth in length of rudiments from the leg and wing buds
of 4 to 7 day old embryos. They compared rudiments removed from
normally developing embryos with those grown on a natural medium
of plasma and embryo extract. Both in vivo and in vitro the
greatest increase in length occurred in the tibia, followed by the
femur, humerus, ulna and radius. On average the rudiments in vivo
elongated at two or three times the rate in vitro.
Biggers (1960) compared the increase in length, wet weight
and dry weight of the tibiotarsus from 7 day old embryos over a
period of four days. In the intact animal the wet weight
increased ten times and the dry weight twelve times, as compared
with a three times increase of wet weight and a doubling of dry
weight in culture. These results were obtained using his own
synthetic medium, but the use of natural media gave little
improvement on these figures.
A more elaborate quantitative comparison of the in vivo and
in vitro growth of the chick tibiotarsus was reported by Schryver
(1966). He used rudiments from 8 day embryos and studied the
increase in length, wet weight, dry weight, DNA content and
chondroitin sulphate content during two days in vivo development
with up to 8 days in tissue culture. The dry weight to wet weight
ratio in vivo remained virtually unchanged, while the ratio in
vitro declined continually during the culture period. This was
due to the hydration of rudiments grown in culture which probably
represents a degenerative phenomenon. The ratio of dry weight to
DNA showed that the cells in culture did not synthesise as rapidly
as in vivo. On the other hand, the ratio of chondroitin sulphate
to DNA indicated that the cells in culture were producing
chondroitin sulphate at a rate similar to that in vivo. In fact
the proportion of chondroitin sulphate in culture was greater than
in the rudiments from the intact embryo. This would suggest that
the matrix of skeletal rudiments grown in vitro, although
chondroitin sulphate rich, may be deficient in one or more matrix
components. All the variables investigated during the period of
in vitro growth fell far short of the linear response obtained in
vivo.
None of these reported studies had used chick limb bone
rudiments from embryos older than ten days, when the formation of
a marrow cavity and endochondral ossification becomes established
in the bony shaft. They provide little information as to the
changes which occur in rudiments with a significant bone content
in addition to cartilage. The only study comparing growth of
mammalian rudiments in vivo and in vitro is that of Mitchell (1950).
He reported the growth in length of femora from 17 day old rat
embryos, which show perichondral but not endochondral bone forma¬
tion, over a three day period. In utero these increased by nearly
150% as compared with 25% in culture, but this probably represents
the failure to commence endochondral bone formation in vitro.
The post-natal growth of the mouse limb bone has not been
described in the literature. A study was therefore carried out
to compare the in vivo growth of limb bones from newborn mice
over a six day period with in vitro growth of rudiments from the
same litter. Because of the difficulty in accurate ageing and
the variations in rudiments produced by litter size, a comparison
of pre-natal growth in vivo against the same age in vitro was not
attempted.
The experiments reported in Part II of this thesis compare
the in vitro growth with the in vivo development of post-natal
mouse limb bones during a six day period. Comparisons were made
on the basis of:-
(1) Growth in length.





The T.O. Tuck's No.l strain of mouse used in Part I of
this work was also used in these experiments. Pregnant
females were allowed to give birth to their litter normally
and the newborn mice used to compare the in vivo and in vitro
growth of fore and hind limb bones.
Four mice were killed immediately with ether vapour and
the limb bones removed for culture or as zero controls. The
remainder were allowed to remain with the mother for normal
in vivo development, one mouse being sacrificed every 48
hours and the limb bones removed.
2. Isolation of Bone Rudiments.
The post-foetal mice used for in vitro culture were
washed three times in 70% alcohol and then in sterile
Tyrode's solution. The fore and hind limbs were removed and
immersed in a dish of Hanks' balanced salt solution at room
temperature.
The limb bones were dissected from the soft tissues
under magnification using the sterile technique described in
Part I.
A similar dissection technique was used for the dissection
of the limb bones from the mice allowed to develop in vivo but
no sterile precautions were observed.
3. Culture Technique.
Plastic culture dishes containing stainless steel grids
were prepared for the rudiments as described in Part I. A
volume of 1.5 ml of medium was used in each dish.
The gaseous phase used throughout these experiments was
95% air with 5% carbon dioxide at atmospheric pressure.
Cultures were regassed every 24 hours and the media were
changed every 48 hours.
Culture Media.
Two sets of experiments were carried out using the P6
modification of BGJ medium, enriched with 15% heat inactivated
serum.
Measurement of Growth.
(a) Growth in length.
Limb bones grown in culture were measured with an
eyepiece graticule at the time of explantation, at each
media change, and at the completion of six days in
culture. Using the same eyepiece the bones from the
mice allowed to develop in vivo were measured after
dissection from the soft tissues and prior to fixation.
(b) Weight of rudiments.
The wet and dry weights of the bones were determined
for the zero controls at the time of explantation and for
the in vitro and in vivo rudiments at the time of harvest
after each 48 hours. Wet weights were determined after
the bones had been rolled over once on dry filter paper
(Whatman's No.l) and placed in pre-weighed glass vials.
The dry weight was estimated after drying the bones in
a hot air over at 105° C for 24 hours and allowing them
to cool in a dessicator. All weighings were carried out
using a Shandon Unimatic CL-41 micro-balance.
Histological Examination.
(a) Fixation.
As described in Part I.
(b) Decalcification, dehydration, and embedding.
Decalcification was not required for the bones
grown in culture, but those which developed in vivo
tended to buckle when sectioned unless subjected to
this procedure prior to embedding. These bones were
placed in 15% E.D.T.A. solution for six hours to achieve
adequate decalcification.
All bones were then dehydrated, cleared and
embedded as described in Part I.
(c) Sectioning.
Sections were cut longitudinally as described in
Part I.
(d) Staining.
Sections were stained with haematoxylin and eosin,
toluidine blue, alcian blue and P.A.S., and Heidenhein's
azan stain following the schedules described in Appendix A.
(e) Microscopical examination.
After mounting with DPX, the histology was
examined by light microscopy. In addition, the relative
length of end cartilages and calcified shaft in each bone
were measured by the use of an eyepiece graticule. This
allowed comparison of the growth of bone and cartilage
under the two conditions.
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RESULTS
1. Growth in Length.
The mean percentage increase in length for tibia,
radius and ulna over a six day period of growth in vivo
and in vitro is shown graphically in Figure 40. The
bones allowed to develop in vivo show a progressive
increase in length of 15 - 20% during each 48 hour growth
period. In vitro the maximum increase in length did not
exceed 20%, the majority of which occurred in the first two
days of culture. Some rudiments showed a slight decrease in
length between the fourth and sixth day in culture because
of distortion. Both in vivo and in vitro the greatest
percentage increase in length occurred in the tibia and
was least in the ulna.
The relative increase in length of the end cartilages
compared with the bony shafts for each of the three limb
bones studied is shown in Table 5. The figures show that
in vivo the bony shaft grows at a much faster rate than
the end cartilages which remain relatively unchanged in
length. In vitro, the bony shaft fails to elongate and
a minimal increase in length occurs by slight enlargement
of the end cartilages. This discrepancy in growth is
well demonstrated by Figures 41 - 43, showing the relative
increases in length for each of the three bones over a six
day period in vivo and in culture.
2. Increase in Wet Weight and Dry Weight.
The changes in wet weight and dry weight of a pair of
tibiae, radii and ulnae taken from the same litter of mice
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TABLE 5
RELATIVE LENGTHS OF BONE AND END CARTILAGES IN VIVO
AND IN VITRO.
PROXIMAL DISTAL
BONE CARTILAGE CARTILAGE BONE TOTAL
TIBIA
Zero control 3.5 3.1 7.5 14.1
2 day - in vivo 3.8 3.2 9.2 16.2
- in vitro 3.6 3.6 8.0 15.2
4 day - in vivo 3.9 3.2 12.5 19.6
- in vitro 3.3 3.1 6.5 12.9
6 day - in vivo 4.0 4.3 16.3 24.6
- in vitro 3.5 3.2 6.5 13.2
RADIUS
Zero control 1.4 2.9 6.5 10.8
2 day - in vivo 1.4 3.7 8.4 13.5
- in vitro 1.2 3.7 7.1 12.0
4 day - in vivo 1.0 3.6 10.7 15.3
- in vitro 1.5 3.3 6.0 10.8
6 day - in vivo 0.8 4.0 13.6 18.4
- in vitro 2.0 3.6 6.3 11.9
ULNA
Zero control 4.0 3.5 7.5 15.0
2 day - in vivo 2.5 4.2 10.0 14.7
- in vitro 3.7 3.3 7.4 14.4
4 day - in vivo 3.0 4.4 12.2 19.6
- in vitro 3.9 3.8 7.1 14.8
6 day - in vivo 2.1 4.6 16.2 22.9
- in vitro
i
4.0 3.9 7.0 14.9
N.B. All measurements from fixed histological sections.
were compared in vivo and in vitro over a six day period.
The results of both weighings are shown in Table 6 and
the dry weights are presented graphically in Figure 44.
In all three bones the increases in wet and dry weight
when compared with zero controls were at least twice as
great in vivo as in vitro. The bones in vitro showed
little increase in wet or dry weight during the period of
culture. In all three bones the greatest dry weight in
vitro was after two days in culture and this fell again
at six days to just above the zero controls.
Histological Structure.
There were few differences visible in the structure
of the end cartilages when comparing bones maintained in
vivo and in vitro. One feature seen after six days in
vivo was the relative shortening of the cartilage in
relation to the overall bone length and was particularly
marked in the proximal epiphyses of the radius and ulna.
Metachromatic staining was retained in the cartilage,
whether in vivo or in culture and was most intense in the
zone of maturation. In the hypertrophic cell layer it
persisted most markedly in the longitudinal septa, but was
resorbed in the transverse septa of the more distal cells.
This metachromasia was retained in the cartilaginous cores
of the new trabecular bone formed by endochondral
ossification in the metaphyses. There were active
osteoblasts on the surface of the trabeculae laying down
osteoid which stained strongly positive with P.A.S. This
endochondral ossification was arrested in culture where
some resorption occurred at this site.
(d
After six days in vivo the bony shaft showed less
cellular activity in the periosteum overlying.its centre,
where it consisted largely of flattened fibroblast-like cells.
The cortical bone at this site showed little new bone
apposition at its surface, or resorption on its endosteal
surface. The site of the nutrient artery was well marked
in the proximal tibia. Marked formative and resorptive
cell activity was still present towards the bone ends, where
the periosteum was 10 - 15 cells thick. A more even
distribution of periosteal osteoblasts down the length of
the shaft was seen in culture.
Although the secondary ossification centres do not
appear until the sixth day in the tibia, it was expected
that these would be present in the proximal epiphyses of
the radius and ulna by the third or fourth day. Sections
of the end cartilages after four days in vivo, when stained
with alcian blue and P.A.S. showed increased vacuolation of
chondrocytes and loss of metachromasia in the proximal part
of the epiphyseal cell zone. This was accompanied by an
increased deposition of P.A.S.-positive material, probably
glycogen, in the cytoplasm (Fig. 45). When the end
cartilages of bones maintained in culture were examined,
similar changes were observed suggesting that these were
probably the early stages of secondary ossification centre
formation (Fig. 46) .
r- ~~~)
j
Fig. 40. Comparison of Growth in Length in Vivo and in Vitro
BONE GROWTH 2 days 4 days 6 days
Tibia in vitro 12.3 + 2.4 18.8 + 6.6 20.8 + 1.5
in vivo 20.6 + 4.7 47.8 + 14.2 62.7 + 13.1
Radius in vitro 9.0 + 3.5 10.4 + 3.4 9.6 + 1.4
in vivo 21.3 + 6.7 35.9 + 3.8 53.5 + 7.0
Ulna in vitro 9.5 + 2.7 8.7 + 2.9 7.5 + 2.3
in vivo 21.7 + 3.5 36.1 + 5.3 49.5 + 9.1
Control
2 days In vitro In vivo
4 days In vitro In vivo
6 days
Fig. 41.
In vitro In vivo
Alcian Blue & PAS x 13
Comparison of Tibial growth in vivo and in vitro.
Control 6 days in vitro 6 days in vivo
Fig. 42. Comparison of Radius growth in vivo and in vitro
Control 6 days in vitro 6 days in vivo
Alcian blue & PAS x 3




Fig. 44. Comparison of Dry Weight in vivo and in Vitro.
TABLE 6
BONE CONDITIONS TIME (DAYS WET WEIGHT DRY WEIGHT
Tibia control Zero 7.4 1.4
in vitro 2 7.0 2.0
4 10.4 2.0
6 9.4 1.4
in vivo 2 7.6 3.3
4 19. 3 3.8
6 22.0 5.8
Radius control Zero 3.1 0.9
in vitro 2 2.7 1.0
4 3.0 0.8
6 2.9 1.1
m vivo 2 4.3 1.7
4 6.2 2.6
6 6.9 2.4
Ulna control Zero 4.8 1.2
in vitro 2 4.9 2.0
4 5.5 1.3
6 5.4 1.6
in vivo 2 7.2 2.3
4 8.0 2.9
6 10.6 4.6
N.B. Combined weights in mgms. of 2 rudiments.
Alcian Blue & PAS
x 80
Fig. 45. End cartilage of radius after 6 days in vitro
B. Hypertrophic cells
Positive PAS staining with
chondrocyte hydration
A. Positive PAS staining with
chondrocyte hydration
Alcian Blue & PAS
x 80




As expected there was relatively poor longitudinal growth
of the limb bones in vitro when compared with that in the
intact animal. With the optimum conditions for culture,
determined in part I, the maximum achieved was 20% in the
tibia and less for the other bones. The increase resulted
from hypertrophy of the end cartilages, but there was no
associated increase in wet weight to suggest overhydration,
confirming the histological impression that this lengthening
resulted from chondrocyte division in the proliferative zone.
The failure of continued growth in vitro by endochondral
ossification must reflect the loss of the blood supply to the
metaphyseal area. What is less clear is whether this vascular
ingrowth in vivo is an active process resorbing chondrocytes
from the distal portion of the hypertrophic zone, or whether
it is a response to preceding degeneration in the cartilage.
If this degeneration were the result of a low oxygen tension
in the hypertrophic zone, comparison with the results of
rudiment culture in higher oxygen tensions, to be investigated
in part III, would be valuable. It is still possible that the
process of bone formation on the surface of the cartilage cores
is dependent on a constant supply of new osteoblasts arising
from the endothelial cells of the capillaries as suggested by
Trueta (1963). If this concept is correct, the creation of
the ideal local gaseous environment in the metaphysis would still
not restore bone formation. Another possible source of these
bone forming cells was suggested by Holtrop (1966). By
prelabelling chondrocytes with tritiated thymidine she was able
to demonstrate that transplants of cartilage, both in vivo and
in vitro, could be made to form bone. As the label, previously
present in the hypertrophic chondrocytes, was now seen in the
osteoblasts and osteocytes it was suggested that the cartilage
cells were precursors of osteogenic cells. To exclude the
obvious mechanism of perichondrium conversion to periosteum,
she stripped this layer from the explants, but its removal may
have been incomplete. If her hypothesis is correct another
cause of failure of endochondral ossification in vitro would
be an arrest of chondrocyte production and maturation, which
would accord with some of the histological findings.
The periosteal osteoblasts of the shaft continue to
function in culture producing new osteoid on the surface to
replace the endosteal resorption. Their survival compared
with the disappearance of deeper metaphyseal osteoblasts may
reflect the gradient of gas diffusion from the surface of the
rudiment to the marrow cavity. Continued turnover of bone
matrix at this site permits biochemical study of this activity
in vitro, albeit on a limited basis.
The increase in dry weight of the bones in culture was
also disappointingly small compared with the in vivo situation.
In all three bones studied it reached a maximum at two days
and thereafter declined returning to the control level.
When taken with the time of maximum elongation this would
suggest a progressive degeneration of rudiments in culture
from the second day onwards. Despite this, no loss of dry
weight was recorded, suggesting that either resorption was _
balanced by continued synthesis, or that the resorptive
mechanism was also inhibited in culture. As increase in
length and dry weight during culture was greatest in the
tibia, this bone was chosen for the remaining experiments in
this study to provide the maximum quantity of tissue.
The changes in the end cartilages of the radius and ulna
seen in vivo from the fourth day after birth should result in
the formation of secondary ossification centres, if the time
of appearance described by Johnson (1933) was correct. An
increase in size and vacuolation of the epiphyseal chondrocytes,
deposition of glycogen, and loss of metachromasia in the ground
substance are the characteristic features preceding ossification
in cartilage. The appearance of similar changes in the end
cartilages of the bones in culture would suggest that the
stimulus to the cells at this site is still active. If the
development of the secondary ossification centres was merely
a response to chondrocyte degeneration at the cartilage centre,
it should be prevented by maintaining their viability. The
degeneration may result from inadequate diffusion of nutrients
or oxygen to the cartilage centre and if the latter, should be
reversed by increasing the oxygen concentration in the gas
phase. This feature will also be investigated in part III.
The findings here would certainly suggest that the initial
changes leading to the formation of the secondary ossification
centre are not dependent on the metaphyseal blood supply.
Nevertheless, this might be necessary for their complete
development and viability could not be maintained for a






Some of the evidence describing the differing effects of
hyperoxia on skeletal tissue in vivo and in vitro has been
reviewed in the General Introduction. Experiments using oxygen
micro-electrodes may give some indication of the local oxygen
tension within bone and cartilage, but this may be altered by
the local blood supply. Circulatory changes may also alter pH
and carbon dioxide concentrations, which could modify the oxygen
effect. In vitro culture represents a more artificial situation,
and though the degree of hyperoxia can be accurately controlled,
other factors in the complex nutrient media may exert an effect.
Some of these differences have been described in Section I
comparing growth on synthetic and natural media.
Goldhaber (1958) in his original observation on cultured
mouse calvaria, showed that 95% oxygen markedly increased bone
resorption and only in the later stages, after 10 or 11 days,
was there some increase in osteoid formation. Though early
resorption was marked, it was not associated with the appearance
of typical giant cells of the osteoclast type until the third
day. Much of this resorptive activity seemed to be related to
macrophages, though these cells may later coalesce to form
typical osteoclasts. He used a natural medium for his stationary
cultures, thereby introducing the unknown biological activity of
embryo extract and heparinised chicken plasma. The same worker
(Goldhaber, 1965) showed that heparin, in as low a dosage as
0.2 units per ml., could act as a potent co-factor in the
resorption produced by parathyroid hormone and oxygen. When
he used the roller tube method for culture of the calvaria,
resorption was obtained at an even lower oxygen concentration of
20% (Goldhaber, 1963). Considerable variation in the extent of
bone resorption was seen over a small spectrum of oxygen con¬
centration, with even greater removal of bone in 30% oxygen.
This resorptive effect of hyperoxia was partially inhibited by
eliminating the embryo extract from the culture medium, suggesting
that some unidentified factors were activated by the increased
oxygen concentration.
When cartilaginous limb-bone rudiments from eight-day old
chick embryos were exposed to hyperoxia, similar resorption was
seen as the major feature, though there was some stimulation of
periosteal bone formation (Sledge and Dingle, 1965). There was
a loss of metachromasia in the cartilage ground substance,
particularly in the hypertrophic zone, associated with softening
and distortion of the rudiments, which failed to elongate normally.
Collagen loss was less well marked and was associated with the
presence of osteoclast-type cells, not normally present in chick
bone at this age.
Shaw and Bassett (1967) took tibial explants from slightly
older, eleven-day chick embryos and cultured them for two weeks
in a range of oxygen concentrations from 5% to 95%. The most
marked periosteal new bone formation was reported in 35% oxygen,
although this was associated with loss of cartilage metachromasia
at the cut ends of the rudiments from which the epiphyses had
been removed. Some chondrocytes in this area showed alteration
in their lacunae, resembling osteoblasts, with occasional
collagen fibres lying in the matrix in relation to them. In
95% oxygen less new bone was formed, though this still exceeded
that in the air controls. There were larger lacunar spaces in
the osteoid formed, with a significant increase in the number of
cells per unit volume of extra-cellular matrix. These changes
suggested a resorptive process, although multinucleated cells,
resembling osteoclasts, were very scanty. The metachromasia
was maintained in the cartilage ends and there were none of the
alterations in cartilage cells seen with 35% oxygen. Migrating
mesenchymal cells from the cut ends of rudiments showed definite
evidence of chondroclastic activity.
It was suggested that these results demonstrated a spectrum
of the effects of oxygen on bone and cartilage cells. High
oxygen concentration produced osteoclasia and chondroclasia,
while intermediate oxygen concentrations stimulated osteogenesis
and low oxygen concentrations resulted in minimum bone formation
but promoted cartilage formation.
These observations led Bassett (1962) to investigate the
effects of hyperoxia on undifferentiated cellular mesenchymal
tissue. He took bone fragments from twenty-day old chick tibiae
and embedded them in a clot of embryo extract and chick plasma.
At six days the implants were cut out from the ring of cellular
outgrowth which they had produced and this was subjected to
different degrees of oxygenation, as well as mechanical stimuli.
He showed that in a high concentration of 95% oxygen the mixture
of polygonal and spindle cells passed through a transient phase
when they resembled cartilage, but quickly became ossified
with a surrounding calcified matrix. A few cartilage cells
remained at the centre of the tissue, suggesting that the
differentiation depended on an oxygen diffusion gradient from
the periphery. It was concluded that cells behaved as chondro-
blasts or osteoblasts, depending on the availability of oxygen,
and that this determined the form and composition of the extra¬
cellular matrix. In an attempt to rationalise these results
with those of Goldhaber, who had reported bone resorption from
hyperoxia, he suggested that cell function in culture is largely
dependent on the micro-environment interacting with the state
of cell specialisation prior to explantation.
Brighton and his co-workers have published the results of
an elegant series of experiments with somewhat different
conclusions on the effects of hyperoxia. They used a growth-
plate model, the isolated costo-chondral junction of young rats,
and exposed this in vitro to a range of oxygen concentrations.
In their first report (Brighton et al., 1969) they showed that
bone and cartilage growth were balanced in 5% oxygen, but that
this occurred at only a fifth of the in vivo rate. At all higher
concentrations cartilage growth exceeded bone growth, rising by
a factor of four in 21% oxygen. At this concentration the
amount of bone present at the bone-cartilage junction was
equivalent to normal in vivo controls. In 90% oxygen an initial
increase in the length of cartilage, possibly due to a failure
of metaphyseal cell invasion, was followed by a decrease and
finally a disappearance of the hypertrophic cell layer. This
was associated with a loss of metachromatic staining in the
ground substance and an accumulation of PAS-positive material
and debris at the bone-cartilage junction. The bony portion of
the plate was resorbed, but no associated increase in osteoclasts
was seen. They concluded that osteogenesis has a different lower
optimum oxygen tension to chondrogenesis. In the intact animal
probably neither process is operating under optimum conditions,
even though the oxygen tension may be different on the two sides
of the growth plate.
Brighton and Heppenstall (1971) extended these studies by
recording the oxygen tensions in the zones of the growth plate,
and the metaphysis and diaphysis, using platinum micro-electrodes
In vitro the tension was shown to be significantly higher on the
bone side of the plate, when compared with the cartilage. This
fell to a lower common level after ten days in culture, due to
the loss of cell function preceding death. There was a distinct
and increasing tension for each zone of the growth plate, rising
to a maximum of 75 mm. Hg. in the hypertrophic cell layer. This
did not parallel the findings in vivo, where the tension fell in
the hypertrophic cell layer to 25 mm. Hg. It was also low in
the metaphyseal bone at 20 mm., compared with the 95 mm. in vitro
They suggested that the abnormally high oxygen tension at the
bone-cartilage junction was associated with the low growth rate,
and explained why growth had been greater in low oxygen tensions.
They felt that the descending gradation in oxygen tension through
the plate from the high level on the metaphyseal side repre¬
sented oxygen diffusion, the intact hyaline cartilage being less
pervious that the cut end of the bone. It was thought that the
low oxygen tension in the hypertrophic cell layer and metaphysis
in vivo represented a physiological mechanism to stimulate the
rate of growth by anaerobic metabolism, rather than excess
utilisation at this site. It also suggested that the release
of lysosomal enzymes was not the normal mechanism for cell
digestion, unless these were released by the oxygen gradient at
the diaphysis-metaphysis junction by metaphyseal cells. The
alternative explanation is that lysosomal enzymes in the hyper¬
trophic layer were released in response to some stimulus other
than hyperoxia. This might be a depression of mitochondrial
enzyme activity in these cells, which is normally very high.
In one of the few studies using mouse limb bones, Ellis
and Peart (1970) confirmed that heparin in a dose of 1.0 mg.
per ml. of media produced increased bone resorption and impaired
new bone formation. They also reported that air was the gaseous
phase giving optimum bone growth and preservation and that 95%
oxygen produced bone resorption. However, no details were
given as to the site and mechanism of this resorption.
Studies of the effect of hyperoxia on isolated cells have
been few and those reported have not included skeletal tissues.
Allison (1965) showed that 95% oxygen was toxic for both chick
embryo cells and mouse macrophages, producing rounding and
vacuolation after 36 hours. These changes were associated with
a release of lysosomal enzymes, demonstrated by acid phosphatase
ou
staining in the cytoplasm, probably resulting from the increased
permeability of lipo-protein membranes produced by excess oxygen.
Hyperbaric oxygen is known to be even more toxic for cells,
but their sensitivity varies considerably. Halasz and Stier
(1966) grew a wide range of adult tissues in organ culture
exposed to hyperbaric oxygenation. The specialised tissues of
brain, lung and thyroid showed early death, but lymph nodes,
liver and spleen all showed good resistance and active mitosis.
In addition to the peroxidation of lipid in cell membranes, the
toxicity may be associated with interference with sulph-hydryl
containing enzymes as a specific metabolic block. This
depresses oxygen utilisation by tissues, probably not as a
result of direct interference with glucose metabolism, but from
a defect in pyruvate utilisation and high energy phosphate bone
formation. The relative resistance of connective tissues might
suggest that the effect of hyperbaric oxygen on bone and
cartilage cells might not be totally destructive.
Reversibility of another toxic effect was reported by Race
et al. (1969) when they exposed rat adrenal cortex to high
pressure oxygen in vivo and in vitro. The main toxic effect
occurred at an ultrastructural level in the cellular mitochondria.
These became ballooned and degenerate, with associated vesicular
degeneration of the endoplasmic reticulum. The changes were
less widespread in the cells of the in vitro preparation,
suggesting that the absence of ACTH in some way diminished the
toxicity. Of greater interest was the recognition of repair of
the mitochondrial membranes within one to two hours following
removal from the high pressure environment, demonstrating the
reversibility of this effect. In this particular tissue it was
thought that lysosomal activity did not contribute to the cell
degeneration, although these might have played a part in other
cells containing more of the sub-cellular bodies.
In the absence of relevant literature relating to the
effects of hyperoxia on the structure of mammalian limb bone
rudiments in culture, experiments were designed to provide
answers to the following questions
1. Is the effect of hyperoxia on mammalian limb
bones in vitro similar to that reported for avian
rudiments?
2. What are the differences in tissue survival and
growth when these rudiments are exposed to high
oxygen concentrations at atmospheric and hyperbaric
pressures?
3. Are there differences in the behaviour of cartilage
and bone in these mixed rudiments?
4. Does endochondral bone formation continue in the
absence of a circulation and how is it influenced
by elevation of oxygen tension?
5. If bone and cartilage resorption occur with hyperoxia,
what cellular changes accompany this process?
MATERIALS AND METHODS
Preparation of Explants.
Paired 'intermediate' or ' late' tibiae, obtained
from 17 - 19 day old foetal mice of the Tuck's No. 1
strain, were used for all the experiments in this part
of the study. The bone rudiments were prepared for
explantation using the sterile technique described in
part I of this thesis.
Culture Technique.
The culture technique described in part I was used
for these experiments with three or four tibial rudiments
to each grid and with 1.5 ml of medium in each small dish.
Culture Medium.
The P6 modification of BGJ medium was used in all the
experiments, supplemented with 15% heat inactivated foetal
calf serum. In a few experiments where the explants
were studied by autoradiography tritiated proline was
added to the medium in a dosage of 1.0 Jdci/ml. The
medium was changed after each 48 hour period of culture
and the pH checked. If this differed by more than +0.1
between cultures for comparison, or if it fell outside the
physiological range, the results were discarded.
Gas Phase.
Three gas phases were used in this part of the study
and experiments were designed to compare all three with
rudiments from the same litter.
a) 95% air + 5% carbon dioxide - at atmospheric
pressure.
b) 95% oxygen + 5% carbon dioxide - at atmospheric
pressure.
c) 98% oxygen + 2% carbon dioxide - at 2 atmospheres
absolute pressure (hyperbaric).
To achieve oxygenation at hyperbaric pressure a small
experimental chamber supplied by Vickers Research Limited
was used (Fig. 47). This was designed to accept the
same petri-dish carrier as used in the anaerobic jars.
The flow of gas from the cylinder reducing valve through
the chamber could be controlled by entry and exit valves.
After flushing the chamber for five minutes with the gas
at atmospheric pressure the exit valve was closed to allow
the pressure to rise slowly to the pre-set level as shown
on the pressure gauge. The entry valve was left slightly
open during the period of culture to compensate for any
slight leaks from the chamber.
Methods of Examination.
a) Growth in Length.
Rudiments were measured at the time of explantation
and every one to two days using the microscope eyepiece
graticule.
b) Histology.
The rudiments were processed for histological
examination after harvesting using the techniques of
fixation, dehydration, embedding, sectioning, straining
and mounting as described in part I.
c) Autoradiography.
In the experiments using medium labelled with
tritiated proline the rudiments were fixed, processed
and stained for autoradiographic examination by the
techniques used in part I.
FIG. 47. EXPERIMENTAL HYPERBARIC CHAMBER
a) Chamber lid and pressure screws
b) Safety valve
c) Petri dish and carrier
d) Pressure gauge
e) Inlet valve control
f) Outlet valve control
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RESULTS
The experiments were designed so that pairs of rudiments
from the same animal and the same litter could be compared in each
of the three gas phases. This allowed a direct comparison of the
effect of variation in oxygen concentration and pressure.
1. Growth in length.
The percentage growth in length of eighteen pairs of
'intermediate' tibial rudiments was compared in the three gas
phases over a six day period of in vitro culture. The results
are shown graphically in Figure 48 and in Table 7. They show
maximum elongation in air with figures similar to those obtained
using BGJ medium in Part 1. The increase in length of rudiments
exposed to hyperoxia was poor by comparison, barely half that
obtained in air. After the first two days in culture there was
no further increase in length of the rudiments in 95% oxygen or
hyperbaric oxygen.
2. Histological changes.
The histological changes described were based on a study
of sections from 69 pairs of tibial rudiments cultured in fourteen
experiments. The serial changes produced by the various oxygen
concentrations were similar between experiments with only small
variations.
a) After one day in culture.
The end cartilages showed little difference except for
a slight loss of the normal 'zoning' in rudiments exposed to
hyperoxia. This probably resulted from increased vacuolation of
the normally flattened cells of the proliferative layer.
TABLE 7





% INCREASE OF RUDIMENTS (12) MEAN S.D.
95% air
+ 5% C02
2 15.6, 13.8, 1.4, 10.3, 10.6, 8.7
8.5, 6.8, 8.6, 17.4, 2.6, 6.6
9.2 4.7
4 4.3, 17.2, 18.0, 11.7, 12.1, 10.9
22.5, 7.4, 13.9, 19.0, 21.4, 10.5
14.1 5.6
6 18.8, 6.9, 15.6, 15.3, 11.8, 12.1




2 4.9, 4.7, 10.8, 4.7, 2.5, 3.7
6.0, 4.5, 2.9, 1.3, 20.0, 5.5
5.9 5 .0
4 3.7, 6.2, 6.0, 6.3, 3.7, 3.7
6.2, 7.2, 5.0, 15.7, 2.6, 1.4
5.6 3.6
6 2.5, 4.7, 4.8, 7.8, 1.2, 3.8






2 2.4, 4.4, 1.4, 3.6, 5.1, 7.6
13.6, 9.4, 9.1, 4.1, 2.7, 1.4
5.4 3.7
4 4.4, 1.4, 9.1, 6.1, 10.9, 9.1
1.4, 2.4, 7.7, 5.3, 4.1, 2.6
5.4 3.2
6 4.4, 2.8, 5.6, 1.4, 3.0, 6.1
4.7, 10.6, 7.7, 2.6, 3.8, 2.4
4.6 2.6
The most dramatic effect was seen in the metaphyseal
zone of endochondral ossification, where numerous osteoclasts
were actively resorbing newly formed osteoid and degenerate
cartilage in rudiments grown in 95% oxygen (Fig. 49A). By
contrast rudiments in hyperbaric oxygen and air showed no or
minimal resorption and only occasional osteoclasts (Fig. 49B and
49C) .
The bone of the shaft was well preserved in air and the
periosteal osteoblasts and deeper osteocytes were healthy and
numerous showing a very active tritiated proline label incorpor¬
ation into the osteoid (Fig. 50A and B). The periosteal
osteoblasts in rudiments exposed to hyperbaric oxygen were still
numerous but appeared more spindle shaped or flattened, with a
few examples of nuclear pyknosis or fragmentation visible (Fig.51A).
Despite this the labelled proline was still incorporated into the
collagen of the bone on autoradiography, though not as heavily as
in air (Fig. 51B). The bony shaft appeared least healthy in 95%
oxygen, with a thin or absent periosteal osteoblast layer and loss
of more than half of the deep osteocytes (Fig. 52A). Light
radioactive labelling was still visible in the superficial layers
of the osteoid, but the well marked endosteal line seen in air
and hyperbaric oxygen was largely lost (Fig. 52B). The marrow
cells were diminished in number and size, though a few red cells
were still present in all rudiments. The loss of the normal
marrow population was much greater in both conditions of hyperoxia.
b) After two days in culture.
The end cartilages were still similar in appearance,
though the broadening of the proliferative cell layer in air was
more marked (Figs. 53A, B and C). In 95% oxygen the resorption
in the metaphyseal area extended into the distal cells of the
hypertrophic cell layer. The metachromatic staining of the
cartilage ground substance was preserved except for a small central
area at the junction of proliferative and hypertrophic zones in
the air rudiments, where it was less dense in association with
local chondrocyte degeneration. Tritiated proline label was
diffusely present throughout the ground substance of the end
cartilages, but was heaviest in the proliferative cell zone,
particularly in air (Figs. 54A, B and C).
The rudiments grown in 95% oxygen showed a large gap
between the hypertrophic cartilage cells and the remains of the
trabecular bone due to the resorption of the endochondral bone.
However, the majority of the osteoclasts which were responsible
were now absent and only a few mononuclear scavenger cells
remained (Fig. 55). There was still only minimal resorption at
this site in the other two gas phases, though in air some osteo¬
blasts were beginning to lay down osteoid on the surface of the
distal layer of hypertrophic chondrocytes with positive azan
staining (Fig. 56).
The bone of the shaft remained healthy in the air with
preservation of periosteal osteoblasts and osteocytes showing
some formation of new osteoid. In 95% oxygen the osteoblasts
were sparse and most of the deep osteocytes were lost leaving
enlarged but empty lacunae (Fig. 55). In hyperbaric oxygen the
osteoblast layer was thicker than with 95% oxygen and more
osteocytes were retained, but both types of cell showed small,
dense or fragmented nuclei suggesting death had occurred (Fig. 57).
The marrow cells continued to decrease in number in all the
rudiments and only a few small mononuclear cells remained in the
rudiments exposed to hyperoxia.
c) After four days in culture.
The end cartilages now showed distinct differences with
the gas phase used. In air the general structure was maintained,
though the cells in the proliferative layer were more rounded and
a greater number of distal chondrocytes in the hypertrophic layer
had lost their nuclei. In some rudiments perichondral cells were
invading the cartilage in the junctional zone between proliferative
and hypertrophic chondrocytes with an associated loss of metachro¬
matic staining. In 95% oxygen all the chondrocytes now appeared
degenerate with nuclear loss in about 50% of the cells in the
proliferative zone and 80% in the hypertrophic zone. This was
associated with a patchy loss of metachromatic staining in all
layers and thinning of the perichondrium. By contrast rudiments
exposed to hyperbaric oxygen showed preservation of more normal
cell outlines, metachromatic staining and perichondrium thickness.
However, nearly all the cell nuclei were small and stained densely
suggesting death had occurred.
In the region of endochondral bone formation the air
rudiments showed slight increase in cartilage and osteoid resorption
though this was not associated with osteoclast proliferation. In
oxygen the cavity between cartilage and shaft bone had enlarged
slightly, but in hyperbaric oxygen the resorption had not
increased.
The shaft bone structure was maintained in air except
for slight thinning of the periosteal layer and the new osteoid
layer was as thick as the original bone (Fig. 58). In normobaric
oxygen the bone had largely disintegrated from enlargement of the
osteocyte lacunae, none of which contained osteocytes. The
periosteum was absent or thinned with only flattened fibroblastic
cells visible. In hyperbaric oxygen the osteocytes were largely
lost or showed evidence of nuclear death but their lacunae were
not enlarged to the same extent. The periosteal layer was also
better preserved, though nearly all the cells showed pyknosis or
fragmentation of their nuclei, resulting in a more normal bone
architecture. In all rudiments exposed to hyperoxia the marrow
cells were almost totally lost, but some mixed round cells persisted
in air.
d) After six days in culture.
The degeneration of the end cartilages with both types
of hyperoxia was even more advanced. As at four days, loss of
nuclei and metachromatic staining was more marked in the distal
zones than in the proximal epiphyseal zone. The distal end
cartilage of the air rudiments frequently showed the development
of a transverse layer of flattened cells continuous with the
perichondrium overlying. This effectively divided the hypertrophic
cells into two zones and was associated with positive azan and PAS
staining suggesting new collagen formation (Fig. 59). This was
confirmed by an increase in tritiated proline labelling at this
site on autoradiography.
In the metaphyseal region the air rudiments still showed
a single layer of osteoblastic cells sealing the distal hypertrophic
chondrocytes from the shaft. In some of the rudiments grown in 95%
oxygen a similar 'seal' was present, but this was largely acellular
and consisted of PAS-positive material. The appearances were
otherwise similar to the four day rudiments.
The shaft bone showed preservation of periosteal osteoblast
activity in air rudiments, confirmed by autoradiography which showed
new label being incorporated at the surface of the osteoid as well
as extending through its thickness. In a few rudiments endosteal
osteoblasts were also active in new bone matrix formation (Fig. 60).
No activity remained in the bone cells of the rudiments exposed to
3
hyperoxia, though the original periosteal and endosteal H-proline
label was preserved in hyperbaric oxygen but largely resorbed in
95% oxygen. Widespread bone loss was evident in all the rudiments
exposed to hyperoxia with a tendency to buckle and fragment on
sectioning.
Fig. 48.
B. Hyperbaric Oxygen C. 95% Air.
Figs. 49. METAPHYSEAL REGION AFTER 1 DAY IN CULTURE.
Alcian Blue and PAS x 240.
Fig. 50A. SHAFT BONE AFTER 1 DAY IN AIR.
To show thickening of periosteal osteoblast layer.
Fig. 50B. AUTORADIOGRAPH OF BONY SHAFT AFTER 1 DAY IN AIR.
To show heavy labelling in periosteum and lighter label around
trabecular bone.
Fig. 51A. SHAFT BONE AT METAPHYSIS AFTER 1 DAY IN
HYPERBARIC OXYGEN.
To show slight thickening of periosteal layer with nuclear pyknosis.
Fig. 5IB. AUTORADIOGRAPH OF BONY SHAFT AFTER 1 DAY IN
HYPERBARIC OXYGEN.
To show light labelling in deeper layers of periosteum and
on endosteal surface.
Fig. 52A. SHAFT BONE AT METAPHYSIS AFTER 1 DAY IN OXYGEN.
To show absence of periosteal thickening and early osteocyte
osteolysis.
Fig. 52B. AUTORADIOGRAPH OF BONY SHAFT AFTER 1 DAY IN OXYGEN.
To show poor periosteal labelling and resorption of label from
endosteal and trabecular bone.
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Fig. 53. END CARTILAGES AFTER 2 DAYS IN CULTURE,
A. - AIR
B. - OXYGEN
C. - HYPERBARIC OXYGEN
Fig. 54. AUTORADIOGRAPHY OF END CARTILAGES AFTER
2 DAYS IN CULTURE.
A. ~ AIR
B. - OXYGEN
C. - HYPERBARIC OXYGEN





?*Y> b- Hypertrophic chondrocytes
c. Periosteum
d. Enlarged osteocytic lacunae
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H. E. x 250.
Fig. 56. Metaphysis after 2 days in 95% air.
a. Periosteal osteoblasts




Fig. 57. Shaft bone at metaphysis after 2 days in
hyperbaric oxygen. H. & E. x 250.
a. New periosteal osteoid
b. Old periosteal bone
c. Hypertrophic cells






Fig. 59. End Cartilage after 6 days in 95% Air.






Fig. 60. Shaft Bone after 6 days in 95% Air.
Alcian Blue and PAS x 375.
97
DISCUSSION
1) Comparison of hyperoxia in mammalion and avian
limb bones in vitro.
The changes that were observed in the embryonic mouse
tibia exposed to hyperoxia correspond in general to those
reported with avian rudiments. With the high levels of
oxygenation used, at both atmospheric and hyperbaric pressures,
the rudiments all showed progressive degeneration and widespread
necrosis. There were very few viable cells present in the
rudiments after four days in culture and those that did survive
consisted largely of undifferentiated fibroblast like cells.
Loss of cartilage metachromasia was seen with 95% oxygen
occurring patchly in the end cartilages, but it was not as
complete or widespread as reported by Sledge and Dingle (1965)
in the chick tibia. They used the rudiments at an earlier
stage of development without a bony shaft, which might account
for the difference since this was the site of major resorption
in this study. The stimulation of periosteal bone formation,
which was also reported in avian rudiments, was seen transitorily
after one day in culture, but was quickly overtaken by the
resorptive changes. As Shaw and Bassett (1967) reported the
optimum oxygen level for this osteogenesis to be 35%, it might
indicate that a more sustained stimulatory effect could be
obtained in future experiments by the use of this lower
concentration. The enlargement of osteocytic lacunae seen in
these experiments with 95% oxygen would seem to correspond to
the enlarged lacunae reported by Shaw and Bassett using the same
oxygen tension. They were unable to identify osteoclasts in
their material but as rudiments were grown for two weeks before
tJ o
histological examination this is not surprising. These
multinucleate cells were only seen in the mammalian rudiments
in the first 1-2 days and thereafter disappeared.
2) Comparison of hyperoxia at atmospheric and hyperbaric
pressures.
The effects of a high oxygen concentration in the gaseous
phase were quite different at atmospheric and hyperbaric pressures.
The resorption of bone and cartilage in the region of endochondral
ossification was not so marked with hyperbaric oxygen and was not
accompanied by the appearance of such a large number of osteoclasts.
This together with the progressive nuclear death and fragmentation
of both bone and cartilage cells suggests that the toxic effects
of hyperbaric oxygenation kill these cells before resorption can
occur. As the marrow cell population also showed early depletion
mononuclear macrophages would also be lost. The osteocyte death
seen with both types of hyperoxia was accompanied by more autolysis
and lacunar enlargement at atmospheric pressure, suggesting that
they were releasing proteolytic and other enzymes locally. Again
the toxic effects of hyperbaric oxygen seem to prevent this
process. The stimulatory effect of hyperoxia on periosteal
osteoblasts was not evident in these results, although some thicken¬
ing occurred transitorily under hyperbaric conditions. This did
not continue after one day in vitro and would suggest that the
toxic effects then supervene. As the stimulatory effect was
not seen with normobaric oxygen it could be suggested that the
increased pressure alone was responsible for the periosteal
thickening. This would accord with the experimental results of
Bassett (1964), who showed that compaction of undifferentiated
mesenchymal cells led to bone formation, while tension induced
fibrous tissue.
The results from autoradiography confirmed the transient
production of new collagen in hyperoxia by osteoblastic cells.
Much of this label was resorbed in ambient hyperoxia but was
preserved in both endosteum and periosteum under hyperbaric
conditions. It also persisted in the matrix surrounding osteocytes
confirming that this is only resorbed in normobaric hyperoxia.
Although the end cartilages showed patchy loss of ground substance
metachromasia with 95% oxygen, it was preserved with hyperbaric
oxygen suggesting a cell mediated enzyme system was responsible.
In both conditions the tritiated proline label in the cartilage
was preserved suggesting that collagenases were not primarily
responsible.
What remains uncertain is whether a low oxygen tension of
35% would induce more bone formation and less resorption. It is
possible that the toxic effects of hyperbaric oxygen might be
reversible, as suggested by Race et al (1969) , at least in the
early stages, and that intermittent exposures would stimulate new
bone formation without death. This might permit the renewal of
endogenous DNA precursors, the production of which is thought to
be disturbed by tissue hyperoxia.
3) Differing behaviour of cartilage and bone in hyperoxia.
The results suggest that bone may be more sensitive than
cartilage to hyperoxia, though after exposure for two days both
tissues are affected. The more undifferentiated cells showed a
greater resistance to the toxic effects, particularly in the
cartilage where the proximal epiphyseal chondrocytes survived to
the late stages of culture. The hypertrophic cells showed more
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resorption in hyperoxia, but this could be the result of increased
chondroclast and osteoclast activity in the metaphyseal region,
rather than autolysis of the cells themselves. The chondrocytes
of the proliferative zone did not show the continued division seen
in air, suggesting that oxygen inhibited their ability to reproduce.
This failure would explain the poor growth in length of the
rudiments under these conditions. The observed results support
the concept of Brighton et al (1969) that hyperoxia enhances
aerobic metabolism and inhibits development of the cartilage portion
of the growth plate. The deposition of PAS-positive neutral
polysaccharide debris sealing off the distal row of hypertrophic
cells from the shaft was also observed by these workers. They
attributed this to oxygen toxicity depressing mitochondrial enzyme
activity in the hypertrophic cells, but equally it could result
from the lack of capillaries or resorptive multinucleate cells to
remove the material when formed.
The effects observed in the bone did not accord with the
evidence suggesting that hyperoxia stimulates bone formation.
However, most workers have reported optimum concentrations around
35%, which is much lower than those used here. It would fit with
the concept of a spectrum of effects in bone, ranging from
stimulatory in the lower concentrations to resorptive in the
higher tensions. The initial stimulus to the periosteal
osteoblasts seen at one day and later followed by suppression was
also reported in vivo by Manspeizer and Tonna (1967) when mice
were exposed to 100% oxygen. The effect was seen in the intact
periosteum of the femur and was attributed to depletion of
endogenous DNA precursors, a mechanism which would also operate
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in vitro. It seems unlikely that periosteal bone formation
would resume in these degenerate rudiments, even if the period of
culture was extended to the 10 days reported as necessary by
Goldhaber (1958). The survival of a few flattened fibroblast like
cells in the periosteum and small round cells in the marrow confirms
the greater sensitivity of differentiated cells to hyperoxia.
4) Endochondral bone formation and hyperoxia.
The histological studies on the rudiments grown in 95% air
showed that endochondral bone formation can continue in the absence
of a circulation. Autoradiography confirmed that labelled
collagen was formed in the PAS-positive material laid down around
the cores of degenerate cartilage in the metaphyseal region.
This was assumed to be ostoid, though its degree of calcification
is uncertain from these studies. It had extended to the entire
shaft after 6 days and was also produced by the cells, showing the
characteristics of osteoblasts, which sealed the distal hypertrophic
cell layer. What was lacking seemed to be the orderly sequence
of formation and resorption produced by the presence of a capillary
circulation and the gradation of oxygen tensions along the shaft.
Brighton and Heppenstall (1971) showed that the oxygen
tension is low in the metaphyseal region and rises to a high level
in the diaphysis in vivo. This would suggest that endochondral
bone formation required a lower oxygen tension than in the
periosteum and would explain the early resorption seen in this
zone with hyperoxia and the failure of further ossification on
the remaining cartilage. The early development of the secondary
ossification centre seen in the air rudiments did not occur in
10^
either condition of hyperoxia. This was probably the result of
failure of the perichondral cells to proliferate and invade the
area of degeneration in the end cartilages.
5) Cellular changes accompanying resorption in hyperoxia.
Two distinct cellular processes accompanied the resorption
of bone induced by hyperoxia. The first was associated with the
appearance of osteoclasts/ which actively resorbed cartilage and
bone in the metaphysis. These could easily be overlooked unless
the histology were studied in the early stages of culture since
they largely disappeared after the second 24 hours. They were
not seen in any great number with hyperbaric oxygenation suggesting
that this in some way inhibited this cellular differentiation. It
was not clear why their number fell off after the second day in
culture and why further resorption by this mechanism ceased. Any
explanation must be theoretical since the source of the osteoclasts
themselves is uncertain. Whether they arise from fusion of
osteoblasts or differentiate from mesenchymal cells, it is known
that they are extremely active in RNA synthesis (Owen, 1967) and
enzyme production (Hancox and Boothroyd, 1963). If oxygen acts
as a stimulus to their production it may also poison their enzyme
systems or the production of DNA precursors.
The second mechanism of resorption was seen in the
periosteal bone collar of the shaft and was associated with
enlargement of the osteocytic lacunae. This process of osteocytic
osteolysis and the stimuli which produce it has been reviewed
by Belanger (1969). He felt that it was an active process and
not a passive autolysis associated with a dying cell. This
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would fit the observation that enlargement of the lacunae was
less marked in hyperbaric oxygen, which must prevent the release
of the resorptive enzymes by the cell. The increased PAS
staining of the matrix surrounding these cells reported by
Heller-Steinberg (1951) was not seen in these experiments.
However, the bone matrix was normally strongly PAS-positive, even
in the late stages of resorption when azan staining for collagen
was decreased. From the electron microscopy studies of Belanger
the osteocyte is known to contain lysosomes and as oxygen is a
known stimulus to the release of their enzymes in other cells, it
could also activate this resorptive mechanism.
Although hyperoxia at ambient pressure has been shown to
induce bone resorption by these two mechanisms, the question
remains as to whether this represents a physiological mechanism
in the intact animal.
PART IV




Collagen is a fibrous protein occurring extensively in all
animal connective tissues. It forms over 80% of the organic
matrix of bone and 55% of cartilage by dry weight. The lower
content in cartilage results from the presence of non-collagenous
proteins combined with polysaccharides to form more of the inter¬
cellular ground substance. In investigating the synthesis of
collagen and its degredation in tissue resorption, use can be made
of some of its unique chemical properties. It has a very high
content of the amino-acids, glycine and proline, enabling these to
be used for radioactive tracer studies, both by autoradiography
and radiochemical methods. The fact that hydroxyproline specific¬
ally occurs in collagen and no other protein is also used.
Hydroxyproline differs from proline in being synthesised in animal
tissues by hydroxylation of proline residues in a polypeptide
chain and not as a free amino-acid. Its degredation fate is also
distinct, since its only known origin in connective tissue is from
breakdown of collagen. The content of hydroxyproline can be
estimated biochemically and converted to total collagen content
using a known factor, which is species constant. In the case of
mammals this constant is 6.94 (i.e. there is 14.4 gm of hydroxy-
proline per 100 gm of collagen).
Amino-acids present in a synthetic tissue culture medium may
be incorporated into rudiments by the formation of collagen during
the period of growth. At the same time the degredation of both
old and newly-formed collagen within the rudiments may liberate
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amino-acids into the culture medium. If a known quantity of
proline, labelled with radioactive tritium, is used in the medium,
the amount incorporated into the rudiments as new collagen can be
determined by biochemical and radioactive analysis after hydrolysis
Similarly any collagen resorbed during the period of growth will
release hydroxyproline into the medium where it can be estimated
biochemically. The proportion of this medium hydroxyproline
showing radioactivity will indicate how much is liberated from
newly-formed collagen and how much from old.
Biochemical estimation of hydroxyproline.
Before hydroxyproline can be estimated, the amino-acid must
be liberated from collagen or polypeptides by hydrolysis. This
is achieved most effectively by strong acidic conditions; the
original method of Neuman and Logan (1950) autoclaved the tissue
in 6N hydrochloric acid for three hours at 140°C. If lower
temperatures are used a longer period is required to produce
satisfactory hydrolysis; three hours at 138°C, or 24 hours at
100°C (Jackson, 1967) .
Colorimetric methods are based on the pyrrole reaction and
have been reviewed by Jackson (1967). Hydroxyproline is oxidised
to a pyrrole compound, which will then react with p-dimethyl-
aminobenzaldehyde (P.A.B.) giving a red chromogen which can be
read in the colorimeter at 560 m. The oxidants most commonly
used are hydrogen peroxide or chloramine T. Hydrogen peroxide
was used in the first practical method of Neuman and Logan (1950),
but this gives poorly reproduced results because of interference
with the coupling reaction and depressed colour yield if any of
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the oxidant persists. The specific chromogen is also unstable in
strong mineral acid and its colour tends to fade. For these
reasons Stegemann (1958) used chloramine T (p-toluenesulphon-
chloramide) as the oxidant in his method, as any excess is
decomposed by the acidification step in the coupling reaction.
A variation of the Stegemann method, introduced by Bergman
and Loxley (1963) was used in these experiments. Their methods
were designed to minimise variation in colour yield and to make
it more independent of hydroxyproline concentration over a wider
range. They described two techniques; a rapid one carried out
at 60°C, and a slow overnight one more suitable for the low
hydroxyproline concentrations to be expected in this tissue
culture system. The main modifications were to use isopropanol
as an organic solvent instead of an aqueous solution and to
increase the concentration of perchloric acid in the Ehrlich's
reagent (P.A.B.). Less accurate timing was required and the
method was carried out at room temperature giving satisfactory
results with hydroxyproline concentrations between 2 and 15 ^ugms/
ml.
The presence of other amino-acids from the tissue proteins
may interfere with the colour reaction by producing chromogens
themselves, particularly when hydroxyproline is present in
relatively small amounts. This problem may be solved by using a
modified chloramine T method, such as that of Prockop and
Udenfriend (1960), where hydroxyproline is oxidised in the
presence of a measured excess of alanine. Alternatively, the
other amino-acids may be separated by ion-exchange column
chromatography together with many other interfering substances
and this was the method used in this study.
Column chromatography using an ion-exchange resin was first
described by Stein and Moore (1950). They used a sulphonated
polystyrene resin column to elute the amino-acids in cationic
form with increasing concentrations of hydrochloric acid. To
achieve the more complete separation and differentiation they
recommended eluting the column with a series of citrate buffers
in a pH range from 3 to 7 (Moore and Stein, 1951). In this
technique the ion-exchange resin, 8% cross-linked Dowex 50-H+
was used in two columns; one of 100 cm height for acidic and
neutral amino-acids and a second of 15 cm for the basic ones.
As only proline and hydroxyproline required separation for
this study, it was sufficient to use a short 10 cm resin column
eluted with 2N hydrochloric acid (Stern et al, 1963). These
workers had used a Dowex 50-H+ X-12 resin with 13-23 particle
size, and found that hydroxyproline was eluted in the 8-16 ml
fraction and proline between 20 and 28 ml. It was decided to
use a similar resin in this study and to collect fractions to be
analysed colorimetrically for hydroxyproline by the method of
3
Bergman and Loxley (1963). The radioactivity of H -proline and
3
H -hydroxyproline in aliquots from the fractions was determined
in an automatic liquid scintillation counter.
Tritium autoradiography in organ culture.
Autoradiography is a technique for the detection and
quantitation of radioactive isotopes by visualisation on a
iuy
photographic emulsion. By placing this in contact with histo¬
logical sections from tissues pre-labelled with the isotope its
distribution within cells and organic matrix can be accurately
determined.
Autoradiography has been used to identify the sites of
active bone and cartilage formation both in the intact animal
and in vitro culture. Many isotopes can be used for this purpose.
The formation of sulphated acid mucopolysaccharide in the cartilage
matrix can be traced by the incorporation of sulphur 35 labelled
compounds as demonstrated in vivo by Dziewiatkowski (1951) and by
Fell et al_ (19 56) in chick limb bone rudiments grown in tissue
culture. Calcium 45 may be used in vivo (Owen, 1956) to identify
the site of new bone formation but depends on normal calcification
of the osteoid matrix which may produce difficulties in histologic¬
al processing.
3
Either tritium (H ) or carbon 14 labelled amino-acids may be
utilised to show their incorporation into newly formed matrix
3
protein. Carneiro and Leblond (1959) used an H -glycine label in
mice because of its high content in collagen and Tonna (1961)
3
extended this to the use of H -proline which is specifically
located in the collagen molecule.
The first in vitro localisation of a labelled amino-acid was
14
demonstrated by Gaillard (1961) who incorporated C glycine in
his culture medium and demonstrated heavy blackening over the
osteoblastic areas in the matrix of the mouse radius shaft. Later
3
Heersche and Voogd Van Der Straaten (1965) used an H -proline
label with the same model and showed even heavier labelling of
11U
the osteoid matrix beneath the deep layers of the periosteum in
the bony shaft. Lewis and Irving (1970) also demonstrated
3
H -proline label incorporation into the bone matrix of rat
calvaria in culture. Using embryonic chick bone rudiments,
3
Ramp and Neuman (1971) showed some H -proline label was incor¬
porated in matrix of the cartilaginous ends, though less than in
the bone of the shaft.
3
In these experiments an H -proline label was added to the
synthetic BGJ culture medium, in a concentration of 1.0 Ci/ml
to identify the sites of collagen synthesis by autoradiography
in parallel with the biochemical studies.
Collagen metabolism in hyperoxia.
Several workers have used organ culture of skeletal tissues
to investigate the synthesis and resorption of collagen under
conditions of hyperoxia by the techniques outlined above.
Stern et al (1963) studied the active resorption of bone
collagen from six-day-old mouse calvaria, pre-labelled with
3
H -proline in utero, induced by 50% oxygen tension with and
without the addition of parathyroid extract. Their findings
indicated that the collagen was enzymatically degraded during
the oxygen induced bone resorption, but gave no indication of
the effect on synthesis. In later experiments (Stern et al, 1966)
3
these workers incorporated a known dose of H -proline in the
natural media used for culture of the calvaria under similar
3
conditions. This enabled them to use the incorporation of H -
3
proline from the medium into collagen H -hydroxyproline as an
index of collagen synthesis, and the release of hydroxyproline
into the medium as an index of collagen degradation. They showed
that at low oxygen tensions the rate of collagen synthesis exceeds
that of degradation but at higher oxygen tensions both the rates
of synthesis and degradation increase.
3
Asher and Sledge (1968) used a similar H -labelled proline
technique to investigate the collagen turnover in 12-day-old chick
embryo mandibles exposed to 80% oxygen. Compared with controls
grown in air, there was a 12% increase in resorption of collagen
formed during the culture period, but no increase in the resorption
of old pre-explantation collagen.
No previous studies have been made on collagen metabolism in
mammalian limb bone rudiments exposed to hyperoxia. These
experiments were carried out to complement the histological studies
reported in Part III of this thesis. Answers were sought to the
questions:-
(1) Is collagen synthesised in the mammalian limb bone
rudiment during in vitro culture?
(2) Is this synthesis increased or decreased by hyperoxia?
(3) Is the degradation of collagen in the rudiments
increased by hyperoxia?
(4) Is there more resorption of old pre-explantation
or newly synthesised collagen?
(5) Is the collagen synthesis and degradation greater in




Pregnant female mice of 17 - 19 days' gestation were used
in these experiments to provide intermediate or late
foetal limb bone rudiments with the maximum quantity of
tissue for biochemical analysis.
2. Isolation of Bone Rudiments
Paired radii, ulnae and tibiae were dissected from the
upper and lower limbs of the foetal mice in Tyrode's
balanced salt solution using the aseptic technique described
in Part I.
3. Culture Technique
The technique of culture was that described in Part I,
using a metal grid to support the rudiments at the inter¬
phase between medium and gas. To produce a detectable level
of hydroxyproline release into the media the number of '
rudiments on each grid was increased to twelve. The volume
of culture medium in each dish was 1.5 ml. Three gaseous
environments were used: 95% air with 5% carbon dioxide, 95%
oxygen with 5% carbon dioxide, and 98% oxygen with 2%
carbon dioxide at two atmospheres absolute pressure. Because
of the risk of radioactive contamination between experiments,
all dishes and grids were discarded at the completion of
each culture. At the time of explantation extra pairs of
rudiments were removed from the litter mates of the mice
used for the experiment, to provide zero controls.
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4. Media
The P6 modification of BGJ medium, containing no chemical
proline or hydroxy-proline, was used in all these experi¬
ments. Prior to final sterile filtration into 1.5 ml.
aliquots this was labelled by the addition of tritium
labelled proline. This was used in a concentration of
0.1 jici/ml. for the biochemical experiments, or 1.0 ^ici/ml.
for the autoradiography studies. L-proline-5-H3 (batch no.
TRA/K.323) was supplied by the Radiochemical Centre,
Amersham with a specific activity of 6.8 Ci/mM. The
amino-acid was supplied as a sterile aqueous solution in
a rubber capped vial with a radioactive concentration of
0.5 mCi per ml. and a radiochemical purity over 98% by
paper chromatography. Suitable dilutions were made with
sterile double distilled water prior to adding the label
to the culture medium.
5. Sub-Culture
Rudiments were cultured for six days in vitro; the media
were changed every 48 hours and the cultures regassed after
every 24 hours, using the technique described in Part I.
Media were pooled for each set of experiments with the same
gas phase and stored frozen until required for analysis.
The rudiments harvested from each experiment were stored in
their final medium at the completion of culture.
6. Histological Controls
a) Culture controls.
In each biochemical experiment a separate dish was
used to culture one set of paired rudiments under
identical conditions. These were fixed, processed
and stained by the routine histological methods
described in Part I, to act as a control on culture
conditions. Any rudiments failing to elongate or
showing any evidence of infection were discarded,
together with the remainder of the biochemical culture.
b) Autoradiography.
In three pairs of experiments comparing different
gas phases, the histology controls were grown on media
containing 1.0 ^aci/ml. of tritiated proline to give
improved label incorporation for autoradiography.
These rudiments were processed as described in the
Materials and Methods section of Part I and after
development were stained with toluidine blue or Harris
haematoxylin. From these slides it was hoped to
determine the histological localisation of the isotope
and to identify the site of new collagen formation.
Biochemical Analysis
a) Rudiments - wet and dry weights.
After thawing, rudiments were washed three times in
Tyrode's balanced salt solution to remove any residual
media radioactivity, and blotted dry. They were placed
in screw-topped pre-weighed polycarbonate centrifuge
tubes (Sterilin Ltd.), which were then reweighed to
determine the wet weight of the tissue. Rudiments
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from three experiments were pooled to give thirty-six
in each tube, or eighteen in the case of the zero
controls. The tubes were placed in an oven and dried
at 105°C for twelve hours and then reweighed to determine
the dry weight of tissue.
b) Hydrolysis.
Prior to hydrolysis, a measured aliquot of 12 ml. from
the 13.5 ml. of pooled medium was lyophilised in a
Buchler evaporator using an alcohol/dry ice mixture.
The freeze-dried precipitate was resuspended in 4 ml.
of 6N hydrochloric acid and this was transferred to
screw-topped polycarbonate tubes. A similar volume of
4 ml. of 6N hydrochloric acid was also added to each
of the tubes containing rudiments. Rudiments and
media were then hydrolysed at 105°C for twenty-four
hours. After filtration the hydrolysates were
evaporated to dryness and resuspended in 2 ml. of
distilled water, from which a 1 ml. aliquot was taken
for column chromatography.
c) Column Chromatography.
Glass columns were prepared containing 0.9 cm. x
10.0 cm. of Dowex 50-H+, X-12 resin of 200-400 mesh
size (Sigma Chemicals Ltd.). These were equilibrated
and eluted with 2N hydrochloric acid at room
temperature using gravity flow from a reservoir at a
rate of 1 ml. per minute. Using known standard
solutions of the amino-acids it was established that
hydroxy-proline came off in the fraction from 6 to 14 ml
and the proline from 16 - 28 ml. When each experi¬
mental sample was placed on the column and eluted
these appropriate fractions were collected for analysis
Between runs the columns were regenerated with 2N
sodium hydroxide to remove the basic amino-acids before
reacidification.
Colorimetric Estimation for Hydroxyproline. (Method -
Appendix C).
Duplicate 0.5 ml. samples were taken into graduated
test tubes from the chromatographic fractions to be
analysed for chemical hydroxyproline content. Using
phenolphthalein as an indicator sufficient drops of
4N sodium hydroxide were added to produce a red colour.
Drops of 4N hydrochloric acid were added by pipette
until the alkali was neutralised and the solution
became colourless. A similar volume of 4N sodium
chloride was added to the standard solution of hydroxy-
proline used for comparison, to keep the salt con¬
centration similar to that in the unknowns. All tubes
were made up to a volume of 1.5 ml. with distilled
water and then 1.0 ml. of isopropanol and 0.5 ml.
of chloramine T solution were added. After standing
for four-and-a-half minutes a 6.5 ml. volume
of Ehrlich's solution was added to each of the tubes,
which were covered and allowed to stand overnight at
room temperature. The colours of the solutions were
then read against distilled water blanks in a Pye
Unicam SP II spectrophotometer at an absorbence of
558 nip. The corresponding hydroxyproline value was
read off from a calibration curve, previously prepared
from known hydroxyproline standards,
e) Radioactive Assay.
Duplicate 1.0 ml. samples from the hydroxyproline and
proline fractions were pipetted into counting vials
for determination of their radioactivity. This was
compared with 0.5 ml. of the uncultured labelled medium
added to 0.5 ml. of 2N hydrochloric acid as a standard.
After the addition of 3 ml. of Triton-X and 6 ml. of
NE 233 scintillator to each vial the samples were
counted in an automatic liquid scintillation counter.
The percentage distribution of labelled hydroxyproline
between rudiments and media could then be calculated.
Design of Experiments
The maximum number of paired rudiments which could be handled
conveniently in one experiment was twelve. These were
cultured for a six-day period in two different gas phases
to compare the synthesis and resorption of collagen in
otherwise matched tissue. Six paired rudiments taken from
the same litter were analysed for their hydroxyproline
content to act as an approximate zero control for the
experiment. To obtain sufficient material for biochemical
analysis the rudiments and media from three experiments
using the same two gas phases were pooled. Nine experi¬
ments were carried out for each set of gas comparisons
giving a mean of three sets of results.
Thus collagen synthesis and resorption were compared
in paired rudiments grown under:-
a) 95% air + 5% CC>2 or 98% 02 + 2% CC>2 at two
atmospheres absolute pressure.




1) Biochemical estimation of Hydroxypro1 ine.
a) Comparison of Air and Hyperbaric Oxygen (HBO).
Table 8 summarises the results from three sets of
experiments estimating the biochemical content of hydroxyproline
in rudiments and media after 6 days in culture. In both gas
phases there was a synthesis of hydroxyproline compared with
control rudiments taken at the time of explantation. The total
of hydroxyproline synthesized was greatest in air and was double
that in hyperbaric oxygen. The quantity of hydroxyproline
released into the medium was also large and in hyperbaric oxygen
was equal to, or exceeded, that synthesized during culture.
b) Comparison of 95% Oxygen and Hyperbaric Oxygen (HBO).
The results of three sets of experiments comparing these
gas phases are shown in Table 9. The total of hydroxyproline
synthesized was low in both types of hyperoxia, though it was
certainly greater at hyperbaric pressure. Release of
hydroxyproline into the medium was correspondingly high with both
gas phases and resulted in a negative balance in the rudiments in
half the experiments, with both normobaric and hyperbaric oxygen.
3
2) Radiochemical estimation of new H - hydroxyproline partition.
The radiochemical results from all six experiments using
the three gas phases are summarised in Table 10. The percentage
3
of newly synthesized H-hydroxyproline released into the medium
was very high in all the experiments after the six days in culture.
This resorption was almost equal in air and normobaric oxygen at
77 - 78%, but was somewhat reduced to 65% in hyperbaric oxygen
TABLE8

















































































































































































SYNTHESIS AND RELEASE OF 3H-HYDROXYPROLINE AFTER






% of Total H-Hydroxyproline
.... . _ _ . . . Recovered _.
Explants Medium Total Explant Medium
1. Air
HBO
34,096 302,532 336,628 10.1% 89. 9%
7,080 3,939 11,019 64.2% 35. 8%
2. Air
HBO
17,688 31,104 48,792 36.3% 63.7%
4,568 6,696 11,264 40.5% 59.5%
3. Air
HBO
25,790 97,500 123,290 20. 9% 79.1%
13,420 31,974 45,394 29.6% 70. 4%
4. Oxygen
HBO
1,768 7,144 8,912 19. 8% 80. 2%
2,352 5,832 8,184 28.7% 71. 3%
5. Oxygen
HBO
1,226 8,483 9 ,709 12.6% 87.4%
1,240 6,975 8,215 15.1% 84.9%
6. Oxygen
HBO
3,584 7,303 10,887 32.9% 67.1%
3,224 6,480 9,704 33. 2% 66.8%
MEAN % OF 3H-HYDROXYPROLINE RELEASED IN MEDIUM
- IN AIR 77.6% + 13.2
- IN OXYGEN 78.2% + 10.3
- IN HYPERBARIC OXYGEN 64.8% + 16.4
with more labelled hydroxy-proline remaining in the rudiments.
3) Pre-expiantation HydroxyproTine resorbed during culture.
The amount of 'old' pre-explantation hydroxyproline
resorbed and released into the medium was calculated in each
experiment and is shown in Table 11. In air resorption of
this 'old' hydroxyproline only occurred in one of the three
experiments, but was a constant feature with both conditions
of hyperoxia. The greatest release of pre-explantation
collagen occurred with hyperbaric oxygen which contrasts with
the smaller release of newly synthesized hydroxyproline shown
in Table 10.
In summary, the biochemical and radiochemical results
showed a net increase of resorption over synthesis with both
types of hyperoxia. In air the synthesis of 'new' labelled
hydroxyproline was much greater, but nearly 80% of this was
released again into the medium, in preference to the 'old'
pre-explantation hydroxyproline.
TABLE11
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QUANTITYOF NEWLY SYNTHESIZED OHPRESORBED (pgm)M2











































































1) Synthesis of collagen in mammalian limb bones in vitro.
The results of autoradiography reported in Parts I and
III showing incorporation of tritiated proline label into bone
and cartilage suggested that collagen could be formed in these
rudiments in culture. The possibility remained that the
labelled proline was incorporated in some collagen precursor,
such as protocollagen, and that further conversion then ceased.
The biochemical and radiochemical results reported here confirmed
3
that H-hydroxyproline was synthesised and appeared in the
rudiments and media. Since the only significant tissue protein
containing hydroxyproline was shown by Prockop and Kivirikko
(1967) to be collagen its formation seems proven.
No comparable figures are available for mammalian limb
bone rudiments in vitro, though Halme et al (1969) studied the
14
incorporation of C-proline into the embryonic mouse ulna.
14
They reported optimum conversion to C-hydroxyproline occurred
in air when the medium had a high ascorbate level and was
changed daily. If these conditions were not observed during
the six day period of culture, the proline incorporation fell
to 60% and less was in the form of hydroxyproline. Absence
of ascorbate, oxygen, ferrous iron, or oC -ketoglutarate
resulted in over half the labelled proline being in the form
of protocollagen, a hydroxyproline deficient precursor. The
importance of the stimulatory action of ascorbic acid on
collagen synthesis was confirmed by Birge and Peck (1966)
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using isolated bone cells from rat calvaria. The high level
of ascorbate in the modified BGJ medium used in these
experiments would appear adequate, although its level may fall
in prolonged exposure to hyperoxia.
2) Effect of hyperoxia on collagen synthesis.
The overall effect of hyperoxia is to decrease the
synthesis of collagen. From the results reported it appears
that a little more is formed in hyperbaric oxygen, than in 95%
oxygen at ambient pressure. From the histological findings
reported in Part III it might be concluded that the difference
reflected the diminished resorption in hyperbaric oxygen, but
the biochemical results suggest that more collagen was in fact
synthesised under these conditions. The mechanism is not
clear but may be related to the initial stimulatory effect on
periosteal osteoblasts seen with hyperbaric oxygen.
The results at ambient pressure conform with those
obtained by Stern et al (1966) using mouse calvaria in vitro.
3
They showed an increased incorporation of H-hydroxyproline
with increasing oxygen concentration up to a maximum at 30%,
but at higher levels the rate of resorption also increased.
Chvapil and Hurych (1968) reviewed the evidence that the
oxygen tension controls all the steps in the metabolism of
collagenous proteins, but has little effect on non-collagenous
ones. They showed that proline hydroxylation was deficient
when the oxygen concentration was less than 10%, but that over
20% no real increase in synthesis occurred, although collagen
resorption was stimulated.
127
3) Effect of hyperoxia on collagen degradation.
The biochemical results confirmed the histological
findings in Part III that hyperoxia increased the degradation
of collagen. Like synthesis, the effects at hyperbaric and
ambient pressures were different and would fit the greater
resorption by osteoclasts and osteocytic osteolysis observed
in 95% oxygen.
4) Resorption of 'old' and 'new' collagen.
The results in these experiments suggest that the
majority of the collagen resorbed and degraded in the rudiments
was that newly formed during the period of culture, with only a
small quantity from pre-explantation sources. There is some
controversy in the literature as to which type is most
susceptible. Stern et al (1966) reported that more 'old'
collagen was resorbed in calvaria exposed to 50% oxygen and
that a constant fraction of 20 - 30% of the 'new' collagen not
maturing was released into the medium. They attributed the
increased resorption of the 'old' collagen to its incorporation
in calcified matrix which was more susceptible to osteoclast
activity. This might explain the different results reported
here, with a mixed rudiment containing relatively less
calcified matrix and where osteocytosis was as active as
osteoclasia in resorption. They accord more with the findings
of Asher and Sledge (1968) using chick mandibles, who reported
that 95% oxygen increased the resorption of newly formed
collagen from the 12% in air to 80%, but had no effect on
pre-explantation collagen. Prockop and Kivirikko (1967)
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used in vivo isotope studies to show that one-third to one-
half of the hydroxyproline excreted in young animals originates
from the degradation of newly formed 'soluble' collagens. With
increasing age more hydroxyproline originates from the
metabolically stable 'insoluble' collagen. As embryonic rudiments
were used in the experiments reported here, the former situation
would be expected to obtain. Prockop and Kivirikko also showed
that once released the hydroxyproline is not normally
re-incorporated into newly synthesised collagen, but that free
proline is rapidly incorporated. This fact simplifies the
interpretation of the biochemical and radiochemical data and
was confirmed by the in vitro metabolic studies of Flanagan and
Nichols (1968) using rat metaphyseal bone slices.
5) Comparison of collagen synthesis and degradation in
bone and cartilage.
No biochemical studies were done on the relative synthesis
and degradation of collagen in bone and cartilage, though this
might form the basis of future work. The results of
autoradiography would agree with Gaillard (1961) and Heersche
and de Voogd van der Straaten (1965), who showed heaviest
3
H-amino acid label in the osteoid of the bony shaft deep to
the active osteoblastic territories. Some light labelling
occurred in the matrix of the end cartilages, particularly in
the zone of proliferating chondrocytes, but this was never as
marked as in bone. Similarly, resorption of label induced by
hyperoxia appeared to be greatest in the bone with more
preservation in the cartilage matrix. Interpretations from
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these morphological data are open to question since it is not
known whether the isotope label is in the form of proline in
protocollagen or hydroxy-proline in mature collagen.
PART V
THE ROLE OF LYSOSOMAL ENZYMES
BONE AND CARTILAGE DEGRADATION
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INTRODUCTION
Properties of lysosomal enzymes.
The intracellular cytoplasmic granules termed lysosomes,
which contain acid hydrolase enzymes were first described by
de Duve (1959) in the cells of liver and kidney. When their
role in tissue breakdown was recognized they were studied in
other cells, including those of the connective tissues. The
evidence for their presence and role in cartilage and bone has
been well reviewed by Vaes (1969) and the properties of their
contained enzymes by Barrett (1969). Of the 30-40 lysosomal
enzymes identified, those of most interest in skeletal
physiology are acid phosphatase, beta-glucuronidase, and acid
protease or cathepsin D. It appears that several iso-enzymes
may occur, showing species differences in both their substrate
activity and optimum pH.
Acid phosphatase from mammalian tissue preparations will
hydrolyse a variety of phosphoric monoesters under acidic
conditions, with an optimum pH of from 4 to 5.
Beta-glucuronidase can be found in both lysosomes and endo¬
plasmic reticulum from mammalian cells. It removes terminal
non-reducing residues of glucuronic acid from the oligosaccharides,
which are produced when hyaluronidase acts on hyaluronic acid and
chondroitin sulphate. It has an optimum pH between 4.3 and 5.2.
Acid proteases of several types are found in lysosomes but
cathepsin D is the one of most interest in connective tissue
catabolism. It has few low molecular weight substrates but will
act on many proteins, in a manner similar to that of pepsin, with
16Z
an optimum pH of 3.0 to 3.5. It produces protein degradation
with liberation of amino-acids by an imino transfer mechanism.
The lysosomal enzymes may be identified by both biochemical
and histochemical methods. Biochemical estimations can be carried
out on homogenates of both cells and tissues and also culture
media used for in vitro growth. Using suitable enzyme substrates
the enzymes can also be identified in intact tissue by histo¬
chemical staining.
Role in cartilage.
Fell & Mellanby (1952) described the effect of vitamin A
excess on early cartilaginous limb bone rudiments from chick
embryos grown in tissue culture. They obtained marked resorption
of the cartilage with loss of metachromatic staining in the ground
substance, but were unsure of the mechanism. Lucy et al (1961)
demonstrated that an extract from the same tissue had strong
proteolytic enzyme activity with an optimum pH of 3. The enzymes
were located in cytoplasmic particles present in normal chondro¬
cytes and could produce a loss of matrix staining similar to an
excess of vitamin A. Dingle (1961) showed that particulate
preparations from rat liver, now known to be lysosomes, released
a similar proteolytic enzyme when treated with vitamin A. Finally
Fell & Dingle (1963) demonstrated that vitamin A caused the release
of the protease, both from cartilage rudiments in culture and the
lysosomal particulate fraction prepared from them. This was
capable of degrading ground substance and releasing chondroitin
sulphate at a physiological pH.
Sledge and Dingle (1965) reported the production of
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histological changes, similar to those from excess of vitamin A,
in cartilaginous chick limb bone rudiments exposed to elevated
partial pressures of oxygen. This was accompanied by an increased
production and release of lysosomal acid phosphatase and acide
protease. They postulated that the mechanism might occur physio¬
logically in the growth plate, when the avascular cartilage is
invaded by the metaphyseal blood vessels producing degradation of
the ground substance and replacement by bone. In later studies,
Sledge (1968) proposed a similar mechanism for the formation of a
marrow cavity and demonstrated this near the upper surface of
cartilaginous rudiments exposed to hyperoxia, when their lower
surfaces were protected by a plasma clot. By histochemical
staining he showed the sites of acid phosphatase activity within
the chondrocytes in the epiphyseal plate from newborn mice and
demonstrated that the activity was most intense in the hypertrophic
and proliferative cell layers adjacent to the vessels. Kuhlman
(1965) also reported high concentrations of acid phosphatase in
these zones by direct microchemical analysis of the rabbit
epiphyseal plate. The mucopolysaccharides of cartilage ground
substance probably have a dual function of stabilizing collagen
and preventing calcium phosphate precipitation, so that their
breakdown by enzymes must precede calcification in the epiphyseal
plate. Evidence for this was provided by Campo and Dziewiatkowski
(1963) in 8-10 day old rats using a simultaneous radioactive label
with S3^ for chondroitin sulphate and for protein. After the
initial double labelling of the chondrocytes, they showed
progressive changes leading to a complete loss of the labelled
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protein but persistence of the S^5 labelled mucopolysaccharide
in the cores of the metaphyseal bone spicules.
Woesnner (1967) was able to isolate and purify a lysosomal
enzyme, cathepsin D, from cartilage which accounts for the major
protein digesting activity at acid pH. Although the optimum pH
for mucopolysaccharide digestion lies between 4.0 and 4.5 he
showed significant digestion at pH 7.0.
The lysosomal enzyme degradation of the non-collagenous
proteins of cartilage has been established, but the explanation
for collagenolytic activity has been less satisfactory. Since the
turnover of collagen in bone is amongst the highest in collagenous
tissues the problem will be considered under that heading.
Role in bone.
Two main mechanisms are recognized for the resorption of bone
matrix; the osteoclastic activity at resorption surfaces, which
was well described by Hancox (1956), and the 'osteolysis' surround¬
ing osteocytes which are activated by certain stimuli as outlined
by Belanger (1963). Belanger (1961) has suggested that this
mechanism may be as important as the better documented osteoclast
resorption in bone. He described two types of osteocyte; one a
small inactive cell in a smooth lacuna, and the other a larger
cell shown histochemically to contain both alkaline phosphatase
and acid protease. This type lies in a rough-edged, enlarging
cavity prior to final death and lysis. The surrounding organic
matrix was modified and partially removed reverting to the meta¬
chromatic staining characteristic of acid mucopolysaccharide after
the release of bone salts.
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The identification of lysosomal enzymes in bone was delayed
by the difficulty of producing an homogenate of such hard tissue
and the heterogenous cell population which resulted if long bones
were used. To overcome this histochemical methods were used first
to identify the sites of activity. Burstone (1960) was able to
demonstrate acid phosphatase and aminopeptidase activity in the
cytoplasm of phagocytic cells, including osteoclasts, although
its function was unknown. Hancox and Boothroyd (1963) studied
osteoclast function in embryonic avian bone by electron microscopy
and demonstrated continuous matrix digestion at their 'ruffled'
border. The bone crystals from the matrix were resorbed first,
entering channels and vacuoles in the cytoplasm, and were then
followed by the collagen fibrils. From comparison with the
histochemical distribution of lysosomal enzymes, they suggested
that these were responsible for the resorption. Belanger and
Migicovsky (1963) were able to identify protease activity around
the large osteocytes in young chick and rat bone by histochemical
means.
Vaes and Jacques (1965) identified nine lysosomal enzymes
by biochemical methods in homogenates from newborn rat calvaria,
using this model to minimise contamination from marrow and
cartilage cells. The enzymes were all most active at an acid pH
and included acid phosphatase, cathepsin, and beta-glucuronidase,
with similar or higher specific activities than those derived
from liver. A correlation between increased histochemical and
biochemical acid phosphatase activity, in mouse calvaria resorbing
in culture under the stimulus of parathyroid hormone, was shown by
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Susi et al (1966). The histochemical activity was most intense
in the cytoplasm of the numerous osteoclasts associated with the
areas of resorbing bone, though slight activity was also seen
within the larger osteocytes.
Vaes (1968) using a similar calvaria model demonstrated the
release of six acid hydrolase enzymes into the culture media and
correlated this with the bone resorption as estimated by the
release of bone mineral, calcium^ label, hexosamine and hydroxy-
proline. He also showed that the intracellular enzyme stores
were maintained by new synthesis and that these were released by
a process of exocytosis and not lysosomal membrane disruption,
with an associated acidification of the medium in the resorbing
cultures. Vaes postulated that this acidification, possibly
resulting from the stimulation of glycolysis, results in
solubilisation of the bone mineral assisting the hydrolytic action
of the enzymes.
Tolnai (1968) obtained similar results when she studied the
biochemical release of acid protease, acid phosphatase, and
beta-glucuronidase activity in the resorbing rat and mouse calvaria
stimulated with parathyroid hormone. Although she showed an
increased release of all three enzymes into the culture media, an
increased synthesis only occurred with acid protease and phosphatase
and not with beta-glucuronidase, suggesting a possible individual
control of enzyme activity in the vacuolar system of bone cells.
Collagenases in bone and cartilage.
The major defect in the postulated role of the lysosomes in
the degradation of bone and cartilage has been the persistent
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failure to identify a collagenase among the acid hydrolase enzymes
liberated from these bodies. Collagenolytic activity, capable of
degrading collagen pre-labelled with tritiated proline and hydroxy-
proline, has been demonstrated in resorbing bone in culture by
Kaufman et al (1965). They laid reconstituted labelled collagen
fibrils on mouse calvaria and stimulated resorption with para¬
thyroid hormone and heparin. Nagai et al (1966) in attempting to
prepare and purify a collagenase enzyme from the tissues of the
tadpole tail showed that mammalian collagen in solution at an
acid pH will undergo progressive denaturation at temperatures
above 30°C. This raises the question as to whether collagen
breakdown in bone and cartilage is initiated by an acid pH in
the resorbing areas, permitting lysosomal enzymes to complete
the proteolytic digestion. A collagenase enzyme was identified
and characterised by Shimizu et al (1969) from five-day-old mouse
tibiae in culture. It was found to have an optimum pH of 7.0 to
8.6, but no activity at an acid pH of 5.0. This fact, combined
with the inability to extract the enzyme from tissue homogenates
treated to disrupt their lysosomal membranes, supports the concept
that collagenase enzyme is not of lysosomal origin. Contrary
evidence was provided by the finding of Wood and Nichols (1965),
that a collagenase extracted from an homogenate of rat bone cells
had an optimum pH of 6.0 suggesting a lysosomal origin. This
discrepancy could arise if the lysosomal collagenase were to show
latent activity, as suggested by Verity et al (1968) as a property
conferred by a differing enzyme-membrane bond. Another alternative
is that the enzyme is never stored inside cells, but is excreted as
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soon as it is synthesised, which might be necessary to preserve
the integrity of the cell itself.
Inhibition of bone and cartilage resorption.
If lysosomal enzymes are responsible for bone and cartilage
resorption it would be expected that substances capable of
blocking their release or inhibiting their activity would prevent
this process occurring. Such agents might react directly with the
stimulus to lysosomal activation, they might prevent its entry to
the cells, or combine with its receptor sites. Alternatively they
might stabilize the substrate, interfere with the cellular action
or differentiation, or with some metabolic step in the synthesis
of the enzymes themselves.
Action of hydrocortisone and cortisone on bone and cartilage.
Hydrocortisone is thought to stabilize lysosomal membranes
and prevent the release of their contained enzymes. This effect
was demonstrated by Weissman and Dingle (1961) who showed that
pretreatment of rats with hydrocortisone inhibited the release of
protease enzyme from their liver lysosomes when these were exposed
to breakdown by ultra-violet irradiation.
The effect of hydrocortisone on cartilage in tissue culture
has been studied by Buno and Goyena (1955) using an embryonic
chick femur model. They showed that it inhibited the growth of
the cartilaginous rudiment, probably by reducing cell division,
but produced no difference in the matrix when compared with
controls. Fell and Thomas (1961) confirmed these findings using
a dosage of 7.5 g/ml of medium and reported thinning of the
intercellular matrix partitions, though often with more intense
metachromatic staining in the ground substance, and smaller
diaphyseal cells. They suggested that the hormone produced a
combined effect of depressed matrix synthesis with a failure of
hypertrophy in the diaphyseal chondroblasts. By contrast, in the
mixed cartilage and bone model of the late foetal mouse limb bone,
hydrocortisone produced inhibition of cartilage resorption by the
cells of the periosteum and endochondral regions. The same
authors showed that exposure of both chick and mouse limb bone
rudiments to high doses of Vitamin A resulted in resorption and
disintegration, but that the effect of hydrocortisone was to
retard, though not suppress this. This contrasts with the action
of Vitamin A and hydrocortisone in vivo which appears to be
additive, as Selye (1958) reported an increased bone resorption
in the rat treated with both substances when compared with
Vitamin A alone.
This led other workers to use hydrocortisone to inhibit the
resorption produced in culture by other agents capable of
liberating lysosomal enzymes. Sledge and Dingle (1965) showed
that 0.1 g/ml of medium prevented the loss of matrix meta-
chromasia and increased release of protease enzymes produced in
embryonic chick cartilage by exposure to hyperoxia. Similarly
the resorption of foetal mouse limb bones induced by antiserum
with complement was prevented by 1.0 g/ml of hydrocortisone
(Fell and Weiss, 1965). They reported that protease release was
inhibited, but that immune cytolysis still occurred.
Goldhaber (1965) was unable to prevent bone resorption in
foetal mouse calvaria exposed to Vitamin A or parathyroid hormone
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using hydrocortisone in dosage from 10-100 g/rr.1. Slight
inhibition of very low doses of Vitamin A and parathyroid
hormone could only be obtained with massive doses of hydro¬
cortisone, which in themselves produce toxic effects by
inhibiting fibroblastic outgrowth. Surprisingly, a concentration
of 10 g/ml enhanced the resorption produced by low doses of
parathyroid hormone. This failure to prevent the calvaria
resorption induced by Vitamin A was confirmed by Reynolds (1968),
who also reported a definite inhibition of lysosomal protease
release. This suggested that some mechanism, other than lysosomal
enzymes, was responsible for bone resorption under these conditions.
The direct effects of cortico-steroids on bone and cartilage
in tissue culture has also been studied. Schryver (1965), using
low hydrocortisone concentrations of 1.0 g/ml and less, showed
it inhibited growth in length and wet weight of embryonic chick
cartilage, but did not decrease its dry weight or chondroitin
sulphate synthesis. With even smaller doses of 0.01 g/ml,
Reynolds (1966) reported a reduction in the hydration of the
epiphyses, which normally occurs in chick bone rudiments grown on
synthetic culture media. This was accompanied by an increase in
collagen content, but a progressive decrease in polysaccharide and
DNA synthesis. The dense metachromatic staining in the cartilage
matrix was preserved, but the diaphyseal cells were smaller than
in the control rudiments. This increase in collagen and fall in
polysaccharide content approximates more closely to the in vivo
situation. Normally the lack of ossification in vitro leads to
a higher proportion of hexosamine in the rudiment. The inhibition
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of chondroitin sulphate synthesis in chick cartilage was confirmed
by Murota et al (1967), who demonstrated that hydrocortisone, but
not its metabolites, decreased the incorporation of a S35 sulphate
label into the ground substance.
These effects on cartilage in vitro accord well with the
findings in vivo reported by Moscona and Karnofsky (1960). They
reported that a single does of cortisone acetate administered to
chick embryos retarded their skeletal development by inhibiting
ossification in both endochondral and membrane bones. This inter¬
ference with the conversion of cartilage to bone in endochondral
ossification was confirmed by the autoradiographic study of Young
and Crane (1964) in growing rats. Using a tritiated thymidine
label they showed that hydrocortisone administered for 28 days
caused narrowing of the epiphyseal cartilage with an associated
reduction in the number of cells in the growth column, particularly
the hypertrophied chondrocytes. There was a reduction in epiphyseal
cartilage matrix formation as well as impaired cartilage resorption
in the metaphyseal zone of provisional calcification. This failure
of calcified cartilage resorption and its encasement in dense bone
had previously been reported by Follis (1951) in the metaphysis of
rats treated with cortisone for three weeks. This was thought to
result from an inhibition of osteoclastic activity with continued
normal osteoblast function.
In the more complex tissue of adult bone, cortico-steroids
may interfere with other processes, such as calcium and phosphate
metabolism and the release of bone mineral, masking its indirect
action on the organic matrix. It may also accelerate the action
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of other stimuli to bone resorption, such as the synergistic
effect with Vitamin A described by Selye (1958).
In isolated bone cells in culture, Peck et al (1967) showed
that hydrocortisone inhibits the incorporation of C14 proline into
collagen and non-collagenous proteins. There was no associated
increase in the rate of protein breakdown, but a 10% decrease in
total tissue RNA content suggested the mechanism was an inhibition
of RNA synthesis.
E-amino-caproic-acid (EACA)
Epsilon-amino-caproic-acid, or EACA, has been investigated
experimentally as a possible inhibitor of bone and cartilage
degradation, because of its probable action as an inhibitor of
lysosomal protease enzymes. Ali (1964) showed that 0.4M EACA
inhibited 40% of the proteolytic activity in cytoplasmic extracts
of cartilage incubated in vitro to produce autolytic degradation
at pH 5.0. The results were assessed by the release of chondro-
mucoprotein and the loss of matrix metachromasia.
Sledge and Dingle (1965) reported that concentrations of
0.1M EACA largely prevented the effects of hyperoxia on embryonic
chick cartilage, as shown by preservation of the matrix meta¬
chromatic staining and a reduction in protease release into the
medium. At an even lower concentration of 0.05M, Fell et a_l (1966)
showed that it inhibited the effect of complement and antiserum on
7%-day chick cartilaginous limb bone rudiments. The loss of muco¬
polysaccharide staining was prevented, but not the cell death from
the immune reaction. Dingle et al (1967) used the same media
dosage with 13-day chick limb bones exposed to the same stimulus
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and demonstrated a 50% reduction in the release of hydroxy-proline
into the medium.
Evidence that the EACA acts directly on the enzymes was
provided by Woessner (1967), who showed that the purified enzyme,
cathepsin D, was partially inhibited by 0.1M EACA.
The effect of this inhibitor on mammalian bone resorption
was reported by Brighton and Schaffzin (1970). Using 0.1M EACA
they partially reversed the effects of 90% oxygen on the rat
epiphyseal plate. This normally resulted in a loss of meta¬
chromatic staining in the cartilage ground substance with an
increased secretion of PAS positive glycoprotein material at the
cartilage-bone junction. The zone of calcified cartilage at the
junction with the bony diaphysis was also preserved, instead of
being narrowed or resorbed.
The effects of EACA on bone alone in culture were investigated
by Vaes (1969). He reported that 0.1M EACA could partially inhibit
the resorption of calvaria produced by parathyroid hormone, while
this was totally abolished by a concentration of 0.2M.
Other known inhibitors of lysosomal enzymes, such as
chloroquine, Vitamin E, and oestradiol, which might inhibit bone
degradation have not been investigated in this study.
Investigation of the activity of lysosomal enzymes in hyperoxia.
The experiments reported in Part V of this thesis were
designed to investigate the role of lysosomal enzymes in the
changes induced in mammalian limb bone rudiments by hyperoxia.
Answers were sought to the following questions:-
(1) Is there an increased production or release of
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lysosomal enzymes in hyperoxia?
(2) Are all lysosomal enzymes equally affected, or is
there a difference in the behaviour of individual
enzymes?
(3) Can hydrocortisone, in a dosage of 1.0 or 5.0 gm/ml,
inhibit the release of enzymes from lysosomes and
what are the associated histological changes in the
rudiments?
(4) Will EACA in a concentration of 0.1M block the
action of lysosomal enzymes in hyperoxia?
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MATERIALS AND METHODS
(1) Preparation of the explants.
Late 18-19 day foetal mouse limb bone rudiments were
used for all the experiments in this part of the study. To
obtain sufficient material for the lysosomal enzyme estima¬
tions it was necessary to use both fore and hind-limb
rudiments from all the mice in each litter. Tibiae, radii
and ulnae were prepared under sterile conditions using the
technique described in Part I.
(2) Culture technique.
After preparation the paired rudiments were placed in
separate small culture dishes supported on stainless steel
grids at the medium-gas interphase, as described in Part I.
Twelve rudiments were used on each grid with 1.5 ml of medium
to obtain measurable levels of enzyme activity.
The medium was changed after each 48 hour period and the
cultures regassed every 24 hours as described in Part I.
After collection the medium was stored in the deep freeze
together with the rudiments, which were harvested at the end
of six days in culture. The media and rudiments were only
thawed when required for enzyme estimations.
(3) Culture medium.
In all the experiments reported in Part V a modified
BGJ medium (P6) developed by the Strangeways Laboratory,
Cambridge was used. The commercial TC 199 medium contains
phenol red as an indicator making it unsuitable for colori-
metric reactions. The complete BGJ medium was supplied in
powdered form and was dissolved in double glass distilled
water using the sterile filtration technique described in
Part I. A supplement of 5% heat inactivated foetal calf
serum (Burroughs Wellcome) and any enzyme inhibitor were
added prior to final millipore filtration and dispensing
in 1.5 ml aliquots, which were stored frozen until required
for use.
(a) Hydrocortisone.
In experiments to test the ability of steroids to
stabilise lysosomal enzymes, a medium was used contain¬
ing hydrocortisone in a dosage of 1.0^igm/ml or 5.OWgm/ml.
Hydrocortisone sodium succinate (Upjohn Ltd.) in powder
form, equivalent to 100 mgm of hydrocortisone, was
dissolved in 2 ml of water for injection. A 1 ml aliquot
was removed and diluted with glass distilled water so that
0.1 ml of the resulting solution when added to 100 ml of
bulk BGJ medium gave the necessary concentrations of
l.Oyugm/ml or 5.0yugm/ml, prior to final filtration.
(b) E-amino-caproic acid.
EACA in powdered form (British Drug Houses Ltd.)
was dissolved in sterile glass distilled water in a
concentration of 60 mgm/ml. 7 ml of this solution was
added to 100 ml of bulk BGJ medium prior to millipore
filtration to give a final concentration of 40^gm/ml
(0.1M) .
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(4) Methods of morphological examination.
(a) Growth in length.
In experiments to investigate the morphological
effects of lysosomal enzyme inhibitors and blocking
agents the growth in length of rudiments was determined.
Rudiments were measured using the graticule eyepiece of
the dissecting microscope at the time of explantation
and at each medium change.
(b) Histological processing.
Rudiments for morphological studies were fixed,
embedded, cut, and stained using the methods described
in Part I of this thesis.
(5) Estimation of lysosomal enzymes.
(a) Preparation of rudiments.
(i) Homogenization - For biochemical estimation of
enzyme activity in skeletal tissue or cells it is
necessary to homogenise the tissue. This was done
as gently as possible in order to minimise physical
damage to the lysosomes and was scientifically the
least well controlled part of the biochemical
analysis. The suspending medium normally used was
1.5 ml of 0.25M sucrose which provides sufficient
osmotic potential in the medium so that the
particles did not swell or burst and liberate their
enzyme content.
Mechanical cell breakage was normally achieved by
use of an all glass homogenizer with a rotating
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pestle. Mechanical instruments were not available
so when this was used by hand the time and frequency
of rotation were kept as constant as possible. It
was important that this and all other techniques in
the analysis were carried out at a temperature of
4-5°C in order to minimise the inactivation of these
heat-labile enzymes.
(ii)Isolation of lysosomes - The only available physical
method of isolating lysosomes from tissue homogenates
was by differential centrifugation. Cellular debris
were removed by preliminary spinning at 3,300 g for
ten minutes. The light mitochondrial fraction,
containing most of the lysosomes, was then sedimented
by centrifugation at 10,000 g for 20 minutes. The
supernatent was then assayed for "free" enzyme activity.
The remaining "bound" enzyme activity was liberated
from the lysosomal pellet by resuspending this in
1.5 ml of Triton X-100. Wattiaux and de Duve (1956)
showed that this detergent was capable of releasing
all bound forms of lysosomal enzymes by its ability
to dissolve the lipid bound membrane. The critical
detergent concentration causing abrupt release of the
enzymes was 0.035% and the detergent was shown to have
no inhibitory effect on the enzymes themselves.
Determination of enzyme activity.
The extracts from the tissue homogenates and the
culture media were assayed for activity of one or more
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lysosomal enzymes using the following methods:-
(i) Acid phosphatase - Activity was determined biochemically
using a modification of the method of Torriani (1960).
This assay uses the ability of the enzyme to split off
inorganic phosphate from a colourless nitrophenol-phosphate
compound liberating nitrophenol which can be estimated
colorimetrically. The reaction was carried out in an acid
citrate buffer at a pH of 4.8. The incubation was carried
out for 30 minutes at 37°C and then stopped by the addition
of an excess of 0.1N sodium hydroxide giving a stable colour
which was read in a spectrophotometer (Pye Unicam SP600) set
to zero with the reagent blank at an optical density of 410.
The activity of the enzyme corresponding to the reading was
determined from a previously prepared calibration chart
using known dilutions of a nitrophenol standard.
(ii) -glucuronidase - was estimated biochemically by its action
on a substrate of phenolphthalein glucuronidate (Fishman,
1967) with the liberation of phenolphthalein which was
estimated colorimetrically. The reaction was carried out
in an acetate buffer at a pH of 4.5 for 60 minutes at 37°C.
At the end of incubation an excess of glycine buffer of pH
10.4 was added to stop the reaction. The optical density
was read at 540 myl* in the spectrophotometer using a reagent
blank as a zero reference. From previous standard calibra¬
tions using dilutions of a standard solution of phenolphthalein
the amount of enzyme activity corresponding to the colour
present in the reaction solution was determined.
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(iii) Cathepsin D - was estimated by its protease activity on
acid denatured haemoglobin solution. The method is based
on that of Anson (1938) as modified to a micro method by
Barrett (1967). Only 0.25 ml of 4% haemoglobin solution
was required as substrate for 0.5 ml of the enzyme sample and
incubation was carried out in a sodium formate buffer at a
pH of 3.0 for one hour at 45°C. The reaction was then
stopped by the addition of 5 ml of 3% trichloroacetic acid
precipitating all the undigested protein from the solution.
After filtration through Whatman No. 3 paper the liberated
amino-acids could be read directly in the supernatent at an
extinction value of 280 rn^u if an ultraviolet spectrophoto¬
meter were available. In the absence of this instrument an
alternative was to use a colorimetric reaction in the normal
visual light wavelengths. An aliquot was placed in a clean
test tube to which was added freshly prepared modified
alkaline copper reagent and diluted Folin-Ciocalteau phenol
reagent with immediate mixing. After standing for 30
minutes the blue colour was read against reagent blanks at
an extinction value of 500 myu . The colour reaction was




1) Estimation of lysosomal enzymes.
a) Acid phosphatase.
Table 12 shows the results from two experiments, each
using 48 paired rudiments, for comparison of three gas phases.
The sequential levels of free enzyme activity in the media showed
that the level in oxygen was slightly elevated at two days over
the controls in air. This also occurred to a lesser extent
with hyperbaric oxygen, but all media levels were equal at four
days and surprisingly the highest levels were obtained in air
after six days. The total activities in the media for the six
day period of culture were highest in air and lowest with hyper¬
baric oxygen. Similarly the total of free and bound enzyme
activity in the rudiments was highest in air, but lowest in oxygen
suggesting that more enzyme was liberated in the medium. The
percentage of free activity in the medium was highest with oxygen
in both experiments. Similarly the percentage ratio of free to
bound activity in the rudiments was highest in oxygen.
b) jh> -glucuronidase.
The results from two experiments, each using 48 paired
rudiments, for comparison of the same gas phases are shown in
Table 13. Unlike the acid phosphatase results, the media levels
were nearly equal at two days, but became elevated in oxygen at
four days. As with phosphatase the highest levels in the media
were obtained in air at six days. The total activities in
oxygen were different in the two experiments, exceeding that in
air in one and being lower in the other. However, the percentage
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oxygen in both experiments suggesting that more was released
under these conditions. The total activity in the rudiments
was again lowest in oxygen, but unlike the acid phosphatase
the percentage ratio of free to bound activity within the
rudiments was lower in oxygen than in air.
c) Acid protease.
Table 14 shows the results from one experiment compar¬
ing the enzyme activity in rudiments and media for the three gas
phases. In oxygen there was an elevated enzyme level in the
media at two days and the total activity over the six day period
of culture was higher in this gas than in the controls in air.
Similarly the total enzyme activity in the rudiments was lower
with oxygen or hyperbaric oxygen, than with air. The highest
percentage activity of enzyme in the media was obtained with
oxygen and the percentage ratio of free to bound activity in
rudiments was very much higher in oxygen when compared with the
controls in air.
d) Effect of Hydrocortisone on Acid Protease.
The effect of adding hydrocortisone to the medium in a
dosage of 1.0 jUgm/ml on the production and release of lysosomal
enzymes is shown in Table 15. In a single experiment with a
gas phase of 95% air the enzyme activities in the media were
roughly equal over the six day period of culture. The free and
bound activity in the rudiments was also similar and seemed
unaffected by the addition of hydrocortisone. The percentage
of the total enzyme activity in the media was reduced by 10%
with the addition of hydrocortisone, but the ratios of free to
bound activity in the rudiments were virtually equal.
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TABLE 14
ESTIMATION OF ACID PROTEASE (CATHEPSIN D) IN
RUDIMENTS AND MEDIA.
Air A Air B Oxygen HBO
MEDIA
2 days 22.0 26.0 41.0 25.0
4 days 0 4.5 6.0 2.0
6 days 4.5 7.0 3.0 0
TOTAL 26.5 37.5 50.0 27.0
RUDIMENTS
FREE 2.0 1.0 19.5 19.0
BOUND 29 .5 30.0 7.0 7.5
TOTAL 31.5 31.0 26.5 26.5
% Activity
in Media .46% 55% 65% 50%
% FREEy^ound
in Rudiments 7% 3% 279% 253%
All enzyme levels expressed in_gtandard units
(1 unit = 10 mEq of Tyrosine)
Each measurement obtained from 12 rudiments paired as follows
Air A - OXYGEN
Air B - HBO
TABLE15
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The influence of hydrocortisone in the two experiments
with a gas phase of 95% oxygen was more marked. The media levels
of enzyme were similar, but when this was taken as a percentage
of the total activity the hydrocortisone produced a fall of 20 -
30%. The total enzyme content of the rudiments was much higher
in the hydrocortisone group with a corresponding reduction in the
ratio of free to bound activity. These results are consistent
with a stabilising effect of hydrocortisone on the lysosomal
membranes.
In the experiments using 98% oxygen at hyperbaric
pressure the media levels again did not differ widely. The
percentage of total activity in the media was only reduced by
approximately 10% as seen with the rudiments in air. The total
enzyme levels in the rudiments were equal but the ratio of free
to bound activity was surprisingly increased by the addition of
hydrocortisone to the medium.
2) Growth in length.
a) Effect of Hydrocortisone.
In the 'late' tibial rudiments used for the majority
of the histological studies, hydrocortisone added to the media
in a dosage of 1.0 |*g/ml or 5.0yng/ml produced no significant
alteration in the percentage elongation with any of the three
gas phases.
In one experiment using 36 'early' rudiments, which
consisted largely of cartilage at the time of explantation,
growth on the medium containing 1.0JUg/ml of hydrocortisone
exceeded that on the plain medium. This occurred in the early
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stages of culture in air, but by six days the elongation in
the two groups of rudiments was equal. In 95% oxygen and
hyperbaric oxygen a similar early effect was seen, but at six
days the increase was still greater with hydrocortisone by
about 1%. The detailed results are shown in Table 16.
b) Effect of EACA.
The addition of EACA to the medium in a concentra¬
tion of 0.1M was only used with 'late' tibial rudiments and
produced no demonstrable alteration in elongation when compared
with controls. The relative lengths of shaft bone to end
cartilages were also measured for these rudiments, but no
alteration occurred in this ratio with any of the gas phases used.
3) Histological structure.
a) Effect of hydrocortisone.
In the 64 pairs of 'late' tibial rudiments used to
study the influence of hydrocortisone on the histological changes
produced by alteration of the gaseous phase, no detectable
difference was observed between the two concentrations used. In
all experiments the observed pH of the medium containing
hydrocortisone was on average 0.05 more alkaline than the control
at each media change.
Rudiments cultured in air showed little difference
after one day, but at two days those exposed to hydrocortisone
demonstrated alterations in both bone and cartilage. The end
cartilages (Fig. 61) showed denser metachromatic staining in
the proliferative and maturation layers, though there was some
central lysis present. The perichondrium was slightly thickened















































































































































































with controls. Despite this there was no lateral invasion
into the junctional zone between the proliferative and hypertrophic
cells with flattening of the chondrocytes and positive azan and
PAS staining. After six days this was well established in
controls but still absent in the rudiments on hydrocortisone.
The bone of the shaft (Fig. 62) showed smaller, denser osteoblasts
and osteocytes with little evidence of endosteal resorption.
The reticular cells of the marrow cavity were also smaller,
denser and more homogenous than the varied cell population in
controls.
In 95% oxygen at normobaric pressure the hydrocorti¬
sone inhibited the appearance and resorptive activity of osteo¬
clasts in the metaphyseal region after one day in culture
(Figs. 63A and B). After two days the effect of this was even
more marked (Figs. 64A and B) with almost total resorption of
the distal hypertrophic cells in plain media, but with preserva¬
tion of most of these chondrocytes on hydrocortisone. Differences
were also apparent in the shaft bone (Figs. 65A and B) with less
evidence of osteocytic lacunar enlargement and marked thickening
in the periosteal layer of hydrocortisone treated rudiments.
The osteoblastic cells in the deeper layers appeared more spindle
shaped and fibroblastic than the normal osteogenic cells seen in
air. However, after four and six days the rudiments showed
fewer differences with widespread osteolysis of the shaft bone,
thinning of the periosteum, and loss of marrow cells occurring
in both groups. The hydrocortisone rudiments still showed
better preservation of hypertrophic chondrocytes and endochondral
trabecular bone, though some resorption occurred.
1 bi
The effects of hyperbaric oxygen were less modified
by hydrocortisone. After one day both sets of rudiments showed
the presence of a few osteoclasts in the metaphyseal region
(Figs. 66A and B). These failed to produce any significant
resorption and at two days both groups showed well maintained
hypertrophic zones with vertical septa continuous with some of
the cartilaginous cores of the endochondral bone trabeculae.
The slight thickening in the perichondrium and periosteum seen
in the first 48 hours of exposure to hyperbaric oxygen was
abolished by hydrocortisone, though the cells were still small
with pyknotic nuclei. The toxic changes seen in the cells
during the late stages of exposure to hyperbaric oxygen at four
and six days were not inhibited to any extent by hydrocortisone.
However, what was apparent in the end cartilages was a lessened
hydration of the chondrocytes in all layers with a retention
of strong ground substance metachromasia.
A few 1 early' cartilaginous rudiments were examined
histologically in view of the increased elongation reported with
hydrocortisone. In all three gas phases a marrow cavity
developed (Figs. 67A to D) after only two days in culture, but
there was some variation in the extent of hypertrophic chondrocyte
resorption. In 95% oxygen the cavity was poorly developed and
there was a marked increase in the quantity of new bone formed
in the deeper layers of the periosteum, which occupied the space
between the end cartilages in the hydrocortisone rudiments
(Fig. 68C). The superficial layers of the periosteum were also
more thickened than with air or hyperbaric oxygen, though the
cell nuclei were more rounded. In hyperbaric oxygen the
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amount of periosteal bone formed was no greater than with air
(Figs. 68B and 68D), while the superficial periosteal cells
showed smaller, denser nuclei.
After four to six days in culture the most marked
feature in all hydrocortisone rudiments, particularly with
those exposed to both types of hyperoxia, was an elongation of
the end cartilages from cell proliferation in the maturation
and hypertrophic zones with little evidence of resorption at the
centre of the shaft. In 95% oxygen a large quantity of bone
continued to fill the gap between the end cartilages, but there
was less thickening of the perichondrium than with plain media.
The metachromasia on the end cartilage was preserved by
hydrocortisone in both conditions of hyperoxia, without the
increase in PAS-positive staining seen on plain medium. In
air the lateral invasion from the perichondrium failed to occur,
though even in the control rudiments this was not as marked a
feature as in the 'late' rudiments previously studied,
b) Effect of EACA.
The effect of 0.1M EACA on histology was only
investigated with 'late' tibial rudiments. In air it slowed,
but did not prevent, the loss of metachromasia in the end
cartilages associated with the lateral erosion from the
perichondrium. However, the superficial cells in the peri¬
chondrium and periosteum appeared smaller and less healthy
suggesting that the EACA might have some toxic effect. It had
little effect on the changes in the bony shaft during the period
of culture and the formation of a layer of osteoblasts partially
sealing the end cartilages occurred in both sets of rudiments.
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In 95% oxygen (Figs. 69A and B) EACA did not inhibit
the appearance of osteoclasts in the metaphyseal region, nor
their resorption of the hypertrophic cell layer. It also failed
to reduce the osteocytic osteolysis and reduction in marrow cell
population seen after four to six days in culture, though it did
preserve slightly better metachromasia in the end cartilages.
The effect of EACA on rudiments exposed to hyper¬
baric oxygen was not marked. After one day it did permit more
thickening in the periosteal layer, though the superficial cells
still showed small, dense nuclei (Figs. 70A and B). There was
some reduction in the amount of trabecular bone resorption, but
in the later stages of culture the generalised osteolysis and






Fig. 61. End cartilage after 2 days in Air and
Hydrocortisone.
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Fig. 63A. Metaphysis after 1 day in Oxygen,
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Fig. 63B. Metaphysis after 1 day in Oxygen + Hydrocortisone.
A. Site of resorption of
hypertrophic chondrocytes
Fig. 64A. End cartilage after 2
x 90
Alcian Blue & PAS
days in Oxygen.
A. Hypertrophic chondrocytes
Fig. 64B. End cartilage after 2 days in Oxygen +
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Fig. 65B. Shaft bone after 2 days in Oxygen + Hydrocortisone.
A. Periosteum (thickened)
B. Bone with intact
osteocytes
•i' A. Periosteum (small
a* *
___ •** B. Osteoclasts
j^r -BP






Alcian Blue & PAS







Alcian Blue & PAS
Fig. 66B. Metaphysis after 1 day in Hyperbaric Oxygen
+ Hydrocortisone.
C. Oxygen + Hydrocortisone D. HBO + Hydrocortisone
Fig. 67A-D. Early rudiments to show formation of marrow cavity
after 2 days in culture. x 125. Alcian Blue & PAS.
C. Oxygen + Hydrocortisone D. HBO + Hydrocortisone
Fig. 68A-D. Periosteal Bone formation in early rudiments after
2 days in culture. x 350. Alcian blue & PAS.
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Fig. 69A. Metaphysis after 1 day in Oxygen.
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Fig, 69B. Metaphysis after 1 day in Oxygen + EACA.
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Fig. 70B. Metaphysis after 1 day in Hyperbaric Oxygen + EACA.
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DISCUSSION
1) Production and release of lysosomal enzymes.
The effects of hyperoxia on the production and release
of the three lysosomal enzymes studied were somewhat variable.
This could have resulted from variables in the experimental
technique, particularly in regard to the homogenisation of
rudiments. Any extensive resorption in the rudiments producing
overall softening would make the homogenisation techniques more
effective and could in itself result in increased intracellular
enzyme release. The need to use twelve rudiments on each grid
to obtain measurable levels of enzyme activity in the media
might also have introduced a problem of inadequate nutrition for
the tissues because of the small volume of 1.5 ml used in each
dish.
The release of acid phosphatase into the medium was
enhanced by normobaric hyperoxia after two days, but the total
media activity was still highest in air over the total culture
period. One possible explanation would be a failure of serum
to bind the enzyme activity released in the first twenty-four
hours, when from the histological studies of Part III osteoclastic
resorptive activity appeared to be at a maximum. This does not
explain the high levels in air at six days. This may reflect
the onset of degenerative autolysis in the rudiments, although
morphologically this was never as great as in oxygen at two days,
or could be related to the changes in the end cartilages
associated with the appearance of secondary ossification centres.
Despite this the percentage of total acid phosphatase activity in
the medium was still highest in hyperoxia at atmospheric pressure.
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This also proved true with ^-glucuronidase and acid protease.
Exposure to hyperbaric oxygen did not increase the percentage of
phosphatase activity in the medium to the same extent. The
low levels obtained in the media and rudiments under this
condition would be consistent with the morphological changes
previously observed. The early pyknosis and nuclear death
may not allow the liberation of enzymes, even in the presence of
degeneration.
^-glucuronidase behaved differently to the other two
enzymes showing an elevated media level in hyperoxia at four days
and a higher total release over the period of culture compared to
the controls in air. This fits the findings of Tolnai (1968)
who reported increased release, but not synthesis, of this enzyme
in bone resorption. Certainly the rudiment enzyme content was
lowest with 95% oxygen, while in addition the ratio of free to
bound activity in the rudiments was not elevated as much as with
the other two enzymes.
The acid protease results ran more parallel with -the acid
phosphatase, showing the highest percentage of release into the
medium with 95% oxygen. The ratio of free to bound activity in
the rudiments was also elevated with both types of hyperoxia,
suggesting that these enzymes have a similar origin and mechanism
of release.
2) Effect of Hydrocortisone on Acid Protease production
and release.
Hydrocortisone in a dosage of 1.0 ^lgm/ml had little effect
on the release of acid protease into the medium with 95% air.
It did not reduce the slightly elevated levels which occurred
166
between four and six days in culture suggesting that these were
not due to a loss of lysosomal membrane stability. It also
failed to influence the ratio of free to bound activity in the
rudiments which would confirm this fact.
With 95% oxygen at atmospheric pressure the hydrocortisone
had a definite effect in reducing the free media activity and the
ratio of free to bound enzyme activity in the rudiments. This
would support the findings of Sledge and Dingle (1965) who
reported similar results with embryonic chick cartilage exposed
to hyperoxia. The stabilising effect on lysosomal membranes was
not evident in the experiments with hyperbaric oxygen although
there was some reduction of the percentage release of enzyme into
the medium. The increased ratio of free to bound enzyme activity
in the rudiments with hydrocortisone might indicate that it was
able to hold the enzyme in the tissues before the more generalised
toxic effects of the increased oxygen pressure became evident.
These results will be reassessed in relation to the histological
findings with lysosomal enzyme inhibitors and blocking agents.
3) Effect of Hydrocortisone on growth and structure of
rudiments.
The failure of Hydrocortisone to influence elongation of
the 'late' rudiments is not surprising in view of their large
ratio of bone shaft to end cartilages. This finding is in
agreement with most other workers and would fit the suggestion
that cartilage is more susceptible to the action of lysosomal
enzymes than is bone. The results with the 'early'rudiments
consisting largely of cartilage, were somewhat surprising as
previous work has suggested that hydrocortisone inhibits cell
division and therefore elongation of the rudiments. Histologically
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there was undoubted proliferation of the chondrocytes and the
effect of hydrocortisone in inhibiting their resorption probably
accounts for this discrepancy. The failure to develop such a
large marrow cavity as in control rudiments prevented some of
the central collapse which occurred in these and might explain
their relatively shorter length.
The hydrocortisone certainly inhibited resorption of
cartilage both at the distal row of the hypertrophic cells and
by the perichondrium into the lateral erosion bays described by
Fell and Thomas (1961). This would suggest that both
mechanisms are dependent on the release of lysosomal enzymes,
although other possible mechanisms could be suggested. The
inhibition of osteoclastic activity in normobaric hyperoxia
could result from the arrested differentiation of this type of
cell. Certainly other inhibitory effects of hydrocortisone on
cell morphology were seen with small immature fibroblastic
periosteal cells and a depression of the marrow cell series.
It was also noted that all the media containing hydrocortisone
was slightly more alkaline and though this still lay within
physiological limits it might depress the effect of lysosomal
enzymes which are active at an acid pH. The other effects of
the hydrocortisone would fit a mechanism of lysosomal membrane
stabilisation since the end cartilage metachromasia was
preserved together with more intact transverse septa in the
hypertrophic cartilage zone.
The later effects of hyperoxia in the bony shaft with the
production of osteocytic osteolysis were not inhibited by
hydrocortisone suggesting that these are not dependent on lysosomal
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enzyme release. The dose used could have been inadequate but
the findings would also fit the suggestion of other workers
such as Shimizu et al (1969) that a non-lysosomal enzyme such
as collagenase is responsible.
Hydrocortisone also failed to control the toxic degenera¬
tive effects of hyperbaric oxygen, which in vivo work suggests are
due to damage of the mitochondrial enzymes. Despite this
hydrocortisone did permit a slight increase in the periosteal
thickening and new bone formation in the early stages of exposure
to elevated oxygen concentration of pressure. Whether this
could be maintained by intermittent exposure to hyperoxia
combined with hydrocortisone requires further investigation. It
would fit the suggestion of Reynolds (1966) that hydrocortisone
allows an increase in collagen content of rudiments at the same
time as their polysaccharide content falls.
4) Effect of EACA on growth and structure of rudiments.
This lysosomal enzyme inhibitor had no effect on elongation
in the 'late' tibial rudiments used in these experiments. It
would be interesting to know whether it could inhibit the
relative shortening produced in the 'early* rudiments exposed to
hyperoxia. The inhibition of osteoclastic activity reported by
Sledge and Dingle (1965) in the chick bone and by Brighton and
Schaffzin (1970) in mouse bone was not seen here. This could be
explained by a species difference or alternatively could be the
result of a lower dosage. Further experiments would be required
using an increased 0.5M concentration. The suggestion of
inadequate dosage would also be supported by the finding of
preserved lateral invasion of the perichondrium into the end
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cartilages in rudiments in air. This was partly inhibited,
but could represent a process which is not entirely dependent
on the release of lysosomal enzymes or their activity.
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GENERAL DISCUSSION
AND SUGGESTED FURTHER WORK
GENERAL DISCUSSION
AND SUGGESTED FURTHER WORK.
The choice of the embryonic mouse limb bone rudiment for
the study of the effects of varying oxygen concentration and
pressure on skeletal tissues was only partially satisfactory.
In the later stages of development it provides both bone and
cartilage tissues, with periosteal and endochondral ossification.
Under the most optimum culture conditions both these processes
continue, though at a very reduced rate compared with the in vivo
situation. The main variables affecting the growth and survival
of rudiments in culture were the medium and the gas phase.
Considerable variation was seen between the synthetic media
tested, with a high ascorbate level appearing to be a necessity,
although none proved satisfactory without serum supplements.
Even with heat inactivation this introduces unknown biological
activity, which could be further enhanced by hyperoxia.
This aspect requires further study and in future work the
possibility of substituting albumen for serum will be investigated.
The morphological and biochemical changes induced in the
rudiments by hyperoxia were only investigated over a limited
range. The high normobaric concentration of 95% oxygen
produced predominantly resorption and degenerative changes
associated with osteoclastic activation and lysosomal enzyme
release. Any stimulus of oxygen to osteogenesis was masked
by these effects and there is a need for further experiments
using intermediate concentrations between air and this high
level. However, the organ culture technique can never allow
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the variation in oxygen tensions at different sites in the bone
and cartilage which occurs with the normal circulation from the
nutrient artery. This seems to be the requirement for the
normal development of the growth plate and ordered endochondral
ossification. The embryonic rudiments exhibit some features
of self differentiation with the development of a marrow cavity
and the early stages of secondary ossification centres, but
this can be modified by the culture conditions and is never as
complete as in vivo.
Hyperbaric oxygen at a pressure of two atmospheres absolute
quickly produced toxic effects and eventual death in the rudiments.
The experimental results suggest that in the early stages there
may be some stimulus to periosteal bone formation, though this
could be the result of either the increased pressure or dissolved
oxygen concentration. Further experiments are suggested to
expose the rudiments to a gas mixture which will give the same
oxygen concentration as in air but at an increased pressure of
two atmospheres. A study is also required to determine the
effects of short intermittent exposures to hyperbaric oxygen,
which might allow reversibility of the toxic effects and induce
the cumulative stimulatory effects to osteogenesis suggested by
previous clinical studies.
The mechanism of bone resorption in hyperoxia seems a
complex one and cannot be fully explained by increased osteo¬
clasia with associated release of lysosomal enzymes. It is
not certain if the osteocytic osteolysis, which is prominent in
the later stages, is accompanied by the same release of enzymes.
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Nor is this necessarily in any way related to the physiological
mechanism in vivo, which may require different enzyme systems.
The new collagen formed during culture was totally resorbed,
but as this is not calcified under these conditions its resistance
would be less. Short term studies will be required at twelve
hour intervals or less to correlate morphological changes, the
incorporation and release of labelled proline into collagen,
and the production and release of lysosomal enzymes. Another
possible technique would be to pre-label the pre-explantation
collagen in utero by administering another labelled amino-acid
to the mother. Because of the difficulty in producing adequate
media levels for measurement this may need an alternative model,
such as the mouse calvarium, which provides a much greater mass
of tissue but loses the cartilage to bone interaction.
The results reported here and any gained from future work
with the same techniques have the drawback of all in vitro
studies, which of necessity simplify the physiological mechanisms
in vivo. They are only valid when interpreted against similar
results obtained from experiments with the intact animal.
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Mayer's Haematoxylin and Eosin (Lillie, 1965)
1. Paraffin sections are dewaxed in Xylene and brought
through graded alcohols to water.
2. Stain in Mayer's Haematoxylin 5-10 minutes.
3. Rinse in distilled water.
4. Blue the sections in saturated lithium.
carbonate solution 20 - 30 seconds.
5. Rinse in distilled water.
6. Stain in Eosin 30 seconds to 2 minutes.
7. Dehydrate through graded alcohols.
8. Clear in Xylene and mount.
Nuclei stain blue, cytoplasm, connective tissue and muscle
stain pink.
Toluidine Blue - (Lillie, 1965)
1. Paraffin sections dewaxed in Xylene and taken down
through graded alcohols to water.
2. Stain in Toluidine blue 1:1000 aqueous solution
for 15 - 30 seconds.
3. Rinse in distilled water.
4. Blot dry with filter paper.
5. Clear in Xylene and mount.
Nuclei stain deep blue, cytoplasm light blue, cartilage
matrix reddish-purple to violet.
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Alcian blue - P.A.S. (Mowry, 1963)
1. Take paraffin sections through Xylene and graded alcohols to
water.
2. Stain in 1% Alcian blue in 0. INhydrochloric acid at pH 1.0
for 20 minutes.
3. Rinse for three minutes in running tap water and briefly in
distilled water.
4. Oxidise in 1% aqueous Periodic acid for 10 minutes.
5. Wash in running tap water for 5 minutes and rinse in
distilled water.
6. Treat with Schiff's reagent for 10 to 30 minutes.
7. Wash for at least 10 minutes in running tap water and dip
briefly in distilled water.
8. Counterstain with Harris haematoxylin for 5 to 10 minutes.
9. Rinse briefly in running tap water to remove excess
ha ematoxylin.
10. Dehydrate through graded alcohols, clear in Xylene and
mount.
Acid mucopolysaccharides stain turquoise blue, neutral polysaccharides
magenta and nuclei reddish-brown.
Heidenhain's Azan stain (Lillie, 1965)
1. Paraffin sections dewaxed in Xylene and passed down through
graded alcohols to water.
2. Stain in Azocarmine B at 56°C to 60°C for 10 minutes.
3. Wash in distilled water.
4. Differentiate in .5% analine for 15 minutes.
5. Rinse in 1% acetic acid to stop differentiation.
6. Mordant in 5% phosphotungstic acid for 45 minutes.
7. Rinse in distilled water.
8. Stain in Analine blue-Orange G for 40 minutes.
9. Wash quickly in distilled water.
10. Dehydrate through graded alcohols, clear in Xylene and
mount.
Young collagen, reticulin and basophil granules stain dark blue,
cell nuclei and red cells red, and muscle and acidophil granules
orange-red.
Methylene Blue - azure A - basic fuchsin (Belanger, 1961)
For poststaining after processing of autoradiography.
Stain made up 0. 065 g. methylene blue, add 0. OlOg. azure A,
5 mis. glycerine, 5 mis. methanol, 25 mis. distilled water and
15 mis. phosphate buffer solution (pH 6.9).
Maintain all solutiop. at 4°C.
1. Stain processed auto radiograph slides in above stain
for 5 mins.
2. Rinse in distilled water to remove excess stain.
3. Destain the emulsion in 0. 5% aqueous sodium
bisulphite, 5-8 mins.
4. Wash the slides for 2 mins. in distilled water.
5. Counter-stain in 0. 05% aqueous basic fuchsin for
10 - 15 mins.
6. Remove excess stain in absolute alcohol (for 30 sees.).
7. Dehydrate in cold absolute alcohol for 5 mins. and in
two other alcohol baths at room temperature,
5 mins. in each.
8. Clear and mount.
APPENDIX B
Composition of Synthetic Tissue Culture Media
Eagle's Basal Medium ml_
Sodium chloride (NaCl) 680.0
Potassium chloride (KCl) 40.0
Calcium chloride (CaCl~) 20.0
Magnesium sulphate (MgSO^^H-O) 20.0

























Medium 199 mg/100 ml.
Sodium chloride (NaCl 680.0
Potassium chloride (KC1) 40.0
Calcium chloride(CaCl2) 20.0
Magnesium sulphate (MgSO^VH^O) 20.0
Sodium phosphate (NaH2P04.2H2O) 15.0




































Vitamin A acetate 0.01
a-Tocopheral phosphate 0.001


































Potassium dihydrogen phosphate 3.5















Sodium acetate. 3H2O 8.3
Calcium lactate. 5H2O 55.5
Magnesium sulphate. 7H2O 20.0
Glucose 500.0
Streptomycin 5.0
Penicillin G 5000 units
Ascorbic acid 15.0
APPENDIX C
STATISTICAL ANALYSIS OF RESULTS
The results obtained for the elongation of limb bone rudiments
in culture under varying experimental conditions were subjected to
further statistical analysis to determine their level of significance.
Because of the small numbers of paired rudiments involved the Student's
"t" test was used. This calculates the ratio of the observed difference
between the means of each set of increases in length, to the calculated
standard error of that difference.
1) Effect of Gas Phase on Percentage Increase in Length of
Tibial Rudiments
a) Comparison of 95% Air and 95% Oxygen (see Table 7, page 91).
(i) After 2 days
Rudiments in air - mean 9.2; standard deviation 4.7;
standard error 1.4.
Rudiments in oxygen - mean 5.9; standard deviation 5.0;
standard error 1.4.
t value 1.64 ; p y 0.10
The observed difference is not significant.
(ii) After 4 days
Rudiments in air - mean 14.1; S.D. 5.6; S.E. 1.6
Rudiments in oxygen - mean 5.6; S.D. 3.6; S.E. 1.0
t value 4.3 8 ; p 0.002
The observed difference is highly significant,
(iii) After 6 days
Rudiments in air - mean 15.5; S.D. 5.4; S.E. 1.6
Rudiments in oxygen - mean 6.0; S.D. 5.2; S.E. 1.5
t value 4.37 ; p 0.002
The observed difference is highly significant.
b) Comparison of 95% Air and 98% Oxygen at Hyperbaric Pressure
(HBO).
(i) After 2 days
Rudiments in air - mean 9.2; S.D. 4.7; S.E. 1.4
Rudiments in HBO - mean 5.4; S.D. 3.7; S.E. 1.1
t value 2.19 ; p 0.05
The observed difference is just significant.
(ii) After 4 days
Rudiments in Air - mean 14.1; S.D. 5.6; S.E. 1.6
Rudiments in HBO - mean 5.4; S.D. 3.2; S.E. 0.9
t value 4.65 ; p < 0.001
The observed difference is highly significant,
(iii) After 6 days
Rudiments in air - mean 15.5; S.D. 5.4; S.E. 1.6
Rudiments in HBO - mean 4.6; S.D. 2.6; S.E. 0.8
t value 6.29 ; p 0.001
The observed difference is highly significant.
c) Comparison of 95% Oxygen and Hyperbaric Oxygen (HBO).
(i) After 2 days
Rudiments in oxygen - mean 5.9; S.D. 5.0; S.E. 1.4
Rudiments in HBO - mean 5.4; S.D. 3.7; S.E. 1.1
t value 0.31 ; p ^ 0.1
The observed difference is not significant.
(ii) After 4 days
Rudiments in oxygen - mean 5.6; S.D. 3.6; S.E. 1.0
Rudiments in HBO - mean 5.4; S.D. 3.2; S.E. 0.9
t value 0.19 ; p y 0.1
The observed difference is not significant.
(iii) After 6 days
Rudiments in oxygen - mean 6.0; S.D. 5.2; S.E. 1.5
Rudiments in HBO - mean 4.6; S.D. 2.6; S.E. 0.8
t value 0.82 ; p y 0.1
The observed difference is not significant.
2) Effect of Hydrocortisone l.OyUg/ml on percentage increase in
length of "Early" Tibial Rudiments (Table 16, page 159).
a) In 95% Air
(i) At 2 days
In plain medium - mean 9.3; S.D. 2.9; S.E. 1.7
With Hydrocortisone - mean 16.8; S.D. 2.4; S.E. 1.4
t value 3.43 ; p ^ 0.05
The observed difference is just significant.
(ii) At 4 days
In plain medium - mean 11.7; S.D. 2.0; S.E. 1.2
With Hydrocortisone - mean 16.5; S.D. 3.2; S.E. 1.8
t value 2.20 ; p 0.1
The observed difference is not significant,
(iii) At 6 days
In plain medium - mean 16.3; S.D. 8.7; S.E. 5.0
With Hydrocortisone - mean 15.8; S.D. 7.1; S.E. 4.1
t value 0.08 ; p )> 0.1
The observed difference is not significant.
b) In 95% Oxygen
(i) At 2 days
In plain medium - mean 7.9; S.D. 5.6; S.E. 3.2
With Hydrocortisone - mean 11.5; S.D. 6.0; S.E. 3.5
t value 0.76 ; p ^ 0.1
The observed difference is not significant.
(ii) At 4 days
In plain medium - mean 11.7; S.D. 6.9; S.E. 4.0
With Hydrocortisone - mean 15.5; S.D. 2.7; S.E. 1.6
t value 0.88 ; p y 0.1
The observed difference is not significant,
(iii) At 6 days
In plain medium - mean 11.7; S.D. 7.0; S.E. 4.0
With Hydrocortisone - mean 12.9; S.D. 1.7; S.E. 1.0
t value 0.30 ; p y 0.1
The observed difference is not significant.
c) In 98% hyperbaric oxygen (HBO)
(i) At 2 days
In plain medium - mean 4.6; S.D. 1.7; S.E. 1.0
With Hydrocortisone - mean 13.2; S.D. 1.2; S.E. 0.7
t value 6.87 ; p < 0.02
The observed difference is just significant.
(ii) At 4 days
In plain medium - mean 5.2; S.D. 3.3; S.E. 1.9
With Hydrocortisone - mean 6.2; S.D. 2.2; S.E. 1.3
t value 0.42 ; p y 0.1
The observed difference is not significant,
(iii) At 6 days
In plain medium - mean 6.7; S.D. 2.5; S.E. 1.5
With Hydrocortisone - mean 7.2; S.D. 3.1; S.E. 1.8
t value 0.19 ; p y 0.1
The observed difference is not significant.
